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FOREWORD 
This r e p o r t  was prepared by the  Aero-Space Mechanics Branch, S t r u c t u r e s  
The work w a s  au tho r i zed  by NASA Cont rac t  NAS8-20336, 
and Mechanics Engineering Department, Hun t sv i l l e  Operat ions,  Chrys le r  
Corporation. 
i s sued  by t h e  Unsteady Aerodynamics Branch, Aerodynamics Div is ion ,  Aero- 
Astrodynamics Laboratory,  Marshal l  Space F l i g h t  Center. The purpose of 
t h i s  s tudy  is t o  p re sen t  methods t o  determine t h e  a c o u s t i c  sources  of 
backgroend n o i s e  and t h e i r  e f f e c t s  on dynamic test  da t a .  Suggest ions 
are made f o r  f u r t h e r  test  and e v a l u a t i o n  i n  t h e  area of a c o u s t i c  back- 
ground noise .  
ABSTRACT 
Methods have been developed f o r  t h e  e v a l u a t i o n  of a c o u s t i c  sources  
of background noise  i n  wind tunnels .  Exis t ing  a c o u s t i c  c a l i b r a t i o n  d a t a  
obtained i n  t h e  AEDC 16 f t  t r a n s o n i c  wind tunnel  are reviewed. The 
apparent sources  of a c o u s t i c  background n o i s e  i n  the  AEDC tunT,el are 
suggested.  The var ious  sources  of a c o u s t i c  background n o i s e  are reviewed 
and i temized.  A method t o  e l i m i n a t e  t h e  a c o u s t i r  background n o i s e  
from dynamic test  d a t a  i s  presented .  Wind tunnel  a c o u s t i c  c a l i b r a t i o n  
devices  are reviewed, and t h e  most s a t i s f a c t o r y  devices are s e l e c t e d  
f o r  wind tunnel  a c o u s t i c  c a l i b r a t i o n s .  The s e l e c t e d  c a l i b r a t i o n  devices  
have been designed. Test procedures and an a c o u s t i c  c a l i b r a t i o n  p lan  
for  t h e  XSYC 1 4  i n .  t r i s o n i c  wind tunnel  are przsented.  
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118 i n .  p ressure  t ransducer  a t  M.S. 1.88 on upper f l a t  
118 i n .  p r e s s u r e  t ransducer  a t  M.S. 2.50 on upper f l a t  
118 i n .  p ressure  t ransducer  a t  M.S. 5.00 on uk;er f l a t  
118 i n .  p ressure  transdu. 1: a t  M.S. 7.50 on upper f l a t  
118 i n .  p r e s s u r e  t ransducer  a t  M.S. 5.00 on lower f l a t  
Surface p r e s s u r e  c . ie f f ic ien t  
Root mean square  pressure  c o e f f i c i e n t  
D i f f u s e r  s e t t i n g  A 
D i f f u s e r  s e t t i n g  B 
D i f f u s e r  s e t t i n g  C 
Tunnel exhaust  t o  atmosphere 
Tunnel exhaust  t o  vacuum tanks 
Conversion f a c t o r  = 32.2 f t / s e c 2  
1 1 4  i n .  p ressure  t ransducer  i n  tunnel  s t i l l i n g  chamber 
114 i n ,  p ressure  t ransducer  i n  T.S. nozzle  blocks 
114 i n .  p ressure  t ransducer  i n  T.S. nozzle  blocks and i n  
S.S. window p l a t e  
l j 4  i n .  p ressure  t ransducer  i n  c e n t e r  of test s e c t i o n  
walls (on porous walls i n  T.S .  and i n  window p l a t e  of 
S.S.) 
114 i n .  p r e s s u r e  t ransducer  a t  M.S. 7.50 on lower f l a t  
114 i n .  p ressure  t ransducer  i n  tunnel  exhaust  
114 i n .  p ressure  t r a m d u c e r  i n  tunnel  exhaust ( K ~ A  -
atmos. ; F.7" - vacuum) 
v i i  
k t  
M 
M.S. 
M 1  
PR 
P O  
4 
R 
Length of body, E t  ( i n .  i n  s e c t i o n s  V and V I )  
Length t o  the  t r a n s i t i o n  po in t  on a body, f t  
Mach number VI= 
,“lode1 s t a t i o n  (d i s t ance  f r c v  model t i p  i n  inches)  
Dynamic 
Figure 6-2 
t ransducer  instrumented 10’ apex ang le  cam, 
CooleJ thermocouple instrumented 10’ apex ang le  cone, 
F igure  6-3  
Local background p res su re  f l u c t u a t i o n ,  psf 
Model-induced l o c a l  p re s su re  f l u L t u a t i o n s ,  psf 
Resu l t an t  l o c a l  p re s su re  f l u c t u a t i o n s ,  ps f  
Local s t a t i c  p re s su re ,  psf  
Local incrementa l  s t a t i c  p re s su re ,  PQ - pm, psf  
Free stream pres su re ,  psf  
Root mean square  incrementa l  s t a t i c  p re s su re ,  psf  
S tagnat ion  3r t o t a l  p re s su re ,  psf  ( p s i  i n  s e c t i o n s  V and VI) 
Dynamic p res su re  = 
Gas cons tan t ,  f t - l b s / l b s o R  
T r a n s i t i o n  Reynolds number = p V $ t / u  = V R t / v  
pV2 = YPQ M2/2, psf  2 
Reynolds number pe r  f c o t  = p v / p  = v/v,  l / f t  
Cross c o r r e l a t i o n  of t he  r e s u l t a n t  p re s su re  f luctuat io! .  
Supersonic t es t  s e c t i o n  
P res su re  power s p e c t r a l  d e n s i t y ,  psf *-SGJ 
Cross p re s su re  power s p e c t r a l  dens i ty  , psf  2-sec 
P res su re  c o e f f i c i e n t  power s p e c t r a l  dens i ty  = S (u)/q2, s e c  
S * ( i , j  ,w>  Pressu re  c o e f f i c i e n t  c ros s  power s p e c t r a l  d e n s i t y  = 











‘1 through 23 
Standard tunnel  conf igu ra t ion ,  Figure 6-4a 
Tunnel t es t  s e c t i o n  s e p a r a t e  iron. s t i l l i n g  chamber, 
Figure 6-4b 
Tunnel s t i l l j n g  chamber separate f r m  valve and s t o r a g e  
t a l k ,  Figure 6-4c 
5 d a r d  tunne l  conf igura t ion  wi th  s o l i d  walls i n  p l a c e  
OL &orous walls 
Tunnel t es t  s e c t i o n  s e p a r a t e  from s t i l l i n g  chamber wi th  
s o l i d  walls 
Transonic tes t  s e c t i o n  wi th  t r a n s o n i c  nozz le  blocks 
Transonic  tes t  s e c t i o n  wi th  M = 1.45 nozzle  b!.ocks 
Transonic  test  s e c t i o n  wi th  M = 1.95 nozzle  blocks 
T i m e ,  sec 
Local s t a t i c  temperature ,  O R  
Stagnat ion  o r  t o t a l  tempera? 2 ,  O R  
Model w a l l  temperature ,  O R  
Local v e l o c i t y ,  f t / s e c  
Co-ordina tes 
Mach number parameter = fi’ 
Ratio  of s p e c i f i c  h e a t s  
Cone ha l f  angle  , degrees 
Absolute c o e f f i c i e n t  of v i s c o s i t y ,  l b  - sec:’ft 
Kinematic c o e f f i c i e n t  of v i s c o s i t y  = p/p; f t 2 / s e c  
Densi ty ,  s l u g s  /f  t3 
T i m e ,  sec 
Temperature measuring thermocouples on cooled model 
2 
ix 
Valid dynamic wind tunnel. 4aca is  i-equired t o  p r e d i c t  t h e  unsteady 
aerodynamic envircnillenr of a space v e h i c l e ,  This environment must be 
determined sli t h a t  t h e  v e h i c l e  s t r u c t u r e  can be designed t o  withstand t h e  
‘lozding caused by t h e  unsteady f o r c e s .  
i t  i s  d e s i r a b l e  eo s imula te  che aerodynamic p a r a n e t e r s  t h a t  w i l l  b e  
encountered by t h e  f l i g h t  v e h i c l e .  This cart g e n e r a l l y  be  accomplished 
i n  wind tuntael tests where the  d a t a  is s teady  s t a t e  o r  s t a t i c .  However, 
a l l  wtnd tunnels have balkground pressure  f l u c t u a t i o n s  t h a t  i n t e r f e r e  
with the  measurement of dynamic o r  a c s u s t i c  test da ta .  T b s e  flow 
f l u c t u a t i c n s  prevent exact s imula t ion  of t h e  aerodynamic 1 xameters i n  
dynamic wind tunnel tests s i n c e  fl igEt v e h i c l e s  pass through an atmosphere 
t h a t  is rdlatively st t l l .  Since a l l  tunnels  s u f f e r  from t h i s  phenomena, 
dynamic- rcsts  are conducted i n  flows t h a t  have undes i rab le  d is turbavces  
I n  them. Xensuremencs taken i n  unsteady aerodynamic or a c o u s t i c a l  tests 
Snclude c ~ t  cnly  the :&icle-genarated phenomena that i s  t h e  o b j e c t  
of the Lastsp but $lss the background .flucrus:ions of t h e  wind tunnel.. 
(FLg’xe 4-1 d-.pfcts t h e  descr ibed phenomena. 1 Reference 1 states +_tar: 
t h e  ba-kgrcuad f ’ l ~ ~ i c t u a t i c n  level (pressure peak- go-peak amplitude) has 
been 2.8 -:o 5.0X of tunnel  s tagnat ior i  pressure. 
2,  3 ,  aurl 4 . )  These backgroiaa fluctuations are generated by the t t x b u l e n t  
of wind tunnels .  It is, t h e r e f n x t ,  necesssry CQ d e t e m j i i e  end reduce 
the  magnitude, frequency coinposition, and sources of the backgrotad 
pressure  f l u c t a a t i o n s  i n  wind t u m e l s  where u s  teaciy aerodynamic o r  
a c o u s t i c  t e s t i n g  is to be performed. 
In  conducting wind tunnei. tests, 
(S?e also refereaces. 
boundary u y e r  a t  t h e  w a l l s  of die wind tunnet8 and by var ious  COD- f.nn8LI TS 
Various a c o u s t i c  c a l i b r a t i o n s  have Seen perfory& i n  t h e  AEDC 
16 f t  t ransonic  wind tunnel .  A s i d e w a l l  c a l i b r a e f s n  of t h i s  tunnel  w a s  
conduc: -d by t h e  Martin C ~ ~ i p 3 . n ~  during a 6% T i t a n  I11 B Agena model test 
(Reference 5). The c a l i b r a t f o a  d a t a  acqui red ,  which encompassed a Mach 
number range froa 0.5 t o  l.5, was reduced i n  term of sound p r e s s u r e  l e v e l  
i n  dec ibe ls  t o r  L/3 octave bands. Reference 6 d e s c r i b e s  a c o u s t i c  c a l i b r a -  
t i o n  d a t a  obtained i n  t h e  -UDC 16 f t  t ransonic  and supersonic  tunnels  wi th  
a cone c a - i b r a t i o n  device. 
This test coverec! a Kach. s m b e r  range of 0.6 t o  l.rt 5n t h e  t r a n s o n i c  tunnel  
and 1.8 t o  3 . 1 i n  t h e  S U ~ ~ ~ S O A ~ C  runnel. 
pcjwer spectral d e n s i t i e s  and presented as l i n e a r  func t ions  of frequency. 
(See Figures 2-1 through 2-4.) 
The apex angle  of t h i s  cone w a s  10 degrees.  
The d a t a  acquired w a s  reduced to 
Th? Martin Company s i d e w a l l  c a l i b r a t i o n  d a t a  was converted by Chrysler  
Huntsv i l le  Operations (CHO) personnel  t o  power s p e c t r a l  d e n s i t i e s  as l i n e a r  
func t ions  of frequency. A comparison was made of t h i s  converted s i d e w a l l  d a t a  
and t h e  cone c a l i b r a t i o n  d a t a  from t h e  16 f t  t r a c s o n i c  wind tunnel .  It w a s  found 
t h a t  d a t a  from both c a l i b r a t i o n s  displayed many of t h e  saie pressure  
f l u c t u a t i o n  ccncent ra t ions  though tbere were d i f  f erencos i n  magnitude. 
A review of t h e  causes o r  sources  of t h e  a c o u s t i c  background n o i s e  
P o s s i b l e  sources  are l i s t e d ,  and t h e  probable types of I s  preseuced, 
f luctusi t ion and t ransmlssion mechanim are d iscussed .  The a c t u a l  
v e r i f i c a t f o n  of the sources  and t h e  types of f l u c t u a t i o n  w i l l  r e q u i r e  t h e  
a n a l y s i s  ai? wind tunnel  tes t  d a t a  f o r  t h e  var ious  types of tunnel .  
Since t h e  t es t  d a t a  conta ins  both t h e  background and t h e  model- 
generated f l u c t u a t i o n s ,  a d a t a  c o r r e c t i o n  procedure is requi red  t o  
o b t a i n  t h e  t r u e  model-generated f l u c t u a t i o n s .  The parameters t h a t  must 
be considered i n  such a c o r r e c t i o n  procedure are d iscussed .  
case t h a t  inc ludes  t h e  assumptions of s ta t is t ical  independence and l i n e a r  
a d d i t i o n  of t h e  random d a t a ,  i t  is shown t h a t  t h e  background-fluctuation 
power s p e c t r a l  d e n s i t y  can be s u b t r a c t e d  from t h e  r e s u l t a n t - f l u c t u a t i o n  power 
s p e c t r a l  d e n s i t y  t o  o b t a i n  t h e  model-induced f l u c t u a t i o n  power s p e c t r a l  
densi ty .  
of t h e  hypotheses on which t h e  a n a l y s i s  is based. 
For an  i d e a l i z e d  
Test  d a t a  are requi red  t o  determine t h e  v a l i d i t y  and usefu lness  
A review of types of wind tunnel  a c o u s t i c  c a l i b r a t i o n  devices  a r e  
included. Eight  types of c a l i b r a t i o n  devices  are reviewed, and t h e i r  
advantages and disadvantages are discussed.  It is  concluded t h a t  a cone 
device and s i d e w a l l  mounted p r e s s u r e  t ransducer  w i l l  provide t h e  most 
acceptab le  d a t a  f e r  wind tunnel  a c o u s t i c  c a l i b r a t i o n s .  A s  a r e s u l t ,  t h e  
a c o u s t i c  c a l i b r a t i o n  devices  designed f o r  t h e  MSFC 1 4  i n .  t r i s o n i c  tunnel  
are cone and s i d e w a l l  mounted p r e s s u r e  t ransducers .  T e s t s  have been 
performed t o  v e r i f y  c e r t a i n  components of t h e  cone c a l i b r a t i o n  models 
designed. These tests are: 
a t t e n u a t i o n  OI t h e  back p r e s s u r e  tubing,  and cooled tone s u r f a c e  temperature 
d i s t r i b u t i o n .  
t i m e  response of t h e  back p r e s s u r e  tub ing ,  
The b a s i c  procedures t o  be followed i n  e s t a b l i s h i n g  a wind tunnel  
a c o u s t i c  c a l i b r a t i o n  program are presented and discussed.  A tes t  program 
f o r  t h e  MSFC 14 i n .  t r i s o n i c  tunnel  is developed u t i l i z i n g  t h i s  procedure.  
Fur ther  s t u d i e s  i n  t h e  g e n e r a l  category of wind tunnel  a c o u s t i c  
c a l i b r a t i o n s  and v e h i c l e  a c o u s t i c  test d a t a  a q u i s i t i o n  are suggested.  
These recommendations are presented i n  Sec t ion  V I 1  a long wi th  t h e  
conclusions of t h i s  s r  ldy . 
2 
I1 EV.4LUATION ANL) COMPARISON OF AVATLABLE 
WIND TUNNEL ACOUSTIC DATA 
Wind tunnel  ~ C O U S  t i c  c a l i b r a t i o n  test d a t a  has been obtained i n  t h e  
AEDC 16 f t  wind tunnel .  Two c a l i b r a t i o t s  were performed, one w i t h  s i d e -  
w a l l  mounted measuring devices  (Reference 5 )  and one wi th  cone mounted 
measuring devices  (Reference 6 ) .  Examination and comparison of t h e s e  
d a t a  i n d i c a t e s  t h a t  t h e  compressor b lades ,  t h e  porous walls, and t h e  
t u r b u l e n t  boundary l a y e r  are t h e  primary sources  of f l u c t u a t i o n s  i n  t h e  
AEDC tunnel .  These f l u c t u a t i o n s  were modified by t h e  type of boundary 
l a y e r  under which they were measured, t h e  ins t rumenta t ion  l o c a t i o n  i n  
t h e  wind tunnel ,  and i s e n t r o p i c  compression o r  expansion and/or w a l l  
v i b r a t i o n s .  The i n v e s t i g a t i o n  showed t h a t  v a l i d  i n d i c a t i o n s  of frequency 
composition can be obta ined  from d a t a  of t h i s  type c o l l e c t e d  i n  wind tunnel 
tests . 
A s i d e w a l l  c a l i b r a t i o n  of t h e  AEDC 16 f t  t r a n s o n i c  tunnel  was 
conducted by t h e  Mart in  Company during a 6 percent  T i t a n  I11 B Agena 
model test  (Reference 5) .  
wind tunnel  s i d e w a l l s .  One microphone (microphone no. 8) w a s  l o c a t e d  on 
t h e  r i g i d  c e i l i n g  of t h e  tunnel .  The o t h e r  microphone (microphone no. 7 )  
w a s  locat.-d on t h e  f l e x i b l e  sLdewall of t h e  tunnel .  Both microFhones were 
l o c a t e d  ups t rean  of t h e  tunnel  porous w a l l s .  They were l o c a t e d  approximately 
10 f t  i n  f r o n t  of t h e  T i t a n  I11 B model. 
were presented as sound p r e s s u r e  level versus  freqxency. Data were 
reduced using bandpass f i l t e rs  w i t h  113 octave bandwidths. 
i n  t h e  113 octave band are then presented a t  t h e  ceqter frequency of t h e  
113 octave band. 
Two p r e s s u r e  microphones were l o c a t e d  on t h e  
The d a t a  from t h e s e  microphones 
The f l u c t u a t i o n s  
Cone c a l i b r a t i o n  tests were conducted i n  t h e  16 f t  t r s n s o n i c  and 
1 6  f t  supersonic  wind tunnels  (Reference 6 ) .  The tests i n  t h e  t r a n s o n i c  
tunnel  covered t h e  Mach number range of 0.6 t o  1 .4 ;  supersonic  tunnel  d a t a  
encompassed t h e  Mach number range of 1.8 t o  3 . 1 .  The c a l i b r a t i o n  device 
cons is ted  of a 10" apex angle  cone. Two dynamic sensors  ( a  t ransducer  and 
a microphone) were l o c a t e d  l o n g i t u d i n a l l y  a d j a c e n t  t o  each o t h e r  a t  t h r e e  
body s t a t i o n s .  These s t a t i o n s  are approximately 5.5, 11, and 1 7  inches  from 
the  cone t i p .  
w a s  a capac i tor  pickup. 
th9 microphones were 0.234 i n .  i n  diameter.  The t h r e e  i n s t r u m e n t a t i m  
s t a t i o n s  were s e l e c t e d  s o  t h a t  t h e  measurements taken a t  th.e f i rs t  s t a t i o n  
would b e  under a laminar boundary l a y e r ,  t h e  measurements a t  t h e  second 
s t a t i o n  would b e  near  t h e  t r a n s i t i o n  p o i n t ,  and t h e  measurements a t  t h e  
t h i r d  s t a t i o n  would be submerged i n  t h e  t u r b u l e n t  boundary l a y e r .  However, 
t h e  f i r s t  t ransducer  f a i l e d ,  s c  th3 t  only microphone data were recorded 
a t  t h e  f i rs t  s t a t i o n .  
The t ransducer  w a s  a s t ra in  gauge pickup and t h e  microphone 
The t ransducers  were 0.125 i n .  i n  diameter  and 
Measurements were psrformed a t  0' and 4.7" cone 
3 
inc idence  wi th  respect tck t h e  f r e e  stream. 
Transducer response c h a r a c t e r i s  t i c s  f o r  t h e  cone c a l i b r a t i o n  test 
are such t h a t  they r e p o r t e d l y  provide a c c u r a t e  d a t a  over  t h e  range of 
0 t o  10,000 cps.  The t ran .  ducers  were c a l i b r a t e d  by an AEDC l a b o r a t o r y ;  
however, no d e t a i l s  of t h i s  c a l i b r a t i o n  are presented i n  Reference 6 .  
Microphones are r e p o r t e d l y  designed t o  g a t h e r  d a t a  over  t h e  range of 
70 t o  40,000 cps.  The s t r a i n  gauge and c a p a c i t o r  s e n s o r s  were s e l e c t e d  
over t h e  c r y s t a l  s m s o r s  s i n c e  evidence i n d i c a t e s  t h a t  t h e  s t r a i n  gauge 
and c a p a c i t o r  s e n s o r s  are less  s e n s i t i v e  t o  a c c e l e r a t i o n s .  
The AEDC coi1.e ca i b r a t i o n  tes t  d a t a  were reduced, using two types 
of bandpass f i l t e r s .  ilata between 0 and 150 c p s  were reduced, using a 
bandpass f i l t e r  of 1 cps. Data between 0 and 10,000 cps were reduced, 
using a bandpass f i i t e i  of 50 cps bandwidth. This was done t o  o b t e i n  
f i n e r  d e f i n i t i o n  of t h e  power s p e c t r a l  d e n s i t i e s  i n  t h e  low frequency 
regime. 
Data from the  LF.-r;Jard niicrophone of t h e  cone c a l i b r a t i o n  test and 
from t h e  two s ide-qal l  mounted microphones of t h e  Mart in  test  are presented  
i n  Figures  2-1 through 2-5. F igures  2-1 through 2-4 p r e s e n t  t h e  measured 
power s p e c t r a l  d e n s i t y  S(UI), div ided  by t h e  free stream dynamic p r e s s u r e  
Figure 2-5 p r e s e n t s  t h e  r o o t  inean square  p r e s s u r e  c o e f f i c i e n t  as a f u n c t i o n  
of Nach number. A comparison of Figures  2-1 through 2-5 shows g e n e r a l l y  
good agreement between d a t a  c o l l e c t e d  i n  t h e  cone c a l i b r a t i o n  and s i d e -  
w a l l  c a l i b r a t i o n  tests. 
squared, q2, as t h e  pressure  c o e f f i c i e n t  power s p e c t r a l  d e n s i t y  S'(w) = S(w>/q 2 . 
Examination of F igures  2-1 through 2-4 reveals a l a r g e  concent ra t ion  
of f l u c t u a t i o n s  i n  t h e  reg ion  between 500 and 600 cps i n  t h e  low t r a n s o n i c  
Mach number regime. 
and decreases  on e i t h e r  s i d e .  
i s  e s s e n t i a l l y  non-exis tent .  The frequency composi t im remairs e s s e n t i a l l y  
cons tan t  w i t h  Mach number. This ccncent ra t ion  of f l u c t u a t i c n s  is 
a t t r i b u t a b l e  t o  t h e  wind tunnel  compresssr f o r  t h e  fol lowing reasons: 
This concent ra t ion  reaches a mximum a t  M = 0.75 
Above M = 1.00, t h e  f l u c t u a t i o n  concent ra t ion  
The c o r r e l a t i u u  f u n c t i o n s  presented i n  Reference 6 i n d i c a t e  
t h a t  t h i s  f l u c t u a t i o n  i s  p e r i o d i c  and has  a cons tan t  frequency 
of approximately 570 cps.  
The wind tunnel  compressor is a cons tan t  speed device  which 
opera tes  a t  600 rpm o r  10 cps f o r  a l l  tunnel  Mach numbers. 
numbers are c o n t r o l l e d  through changes of compressor b lade  p i t c h .  
The tunnel  compressor has  f z m  50 t o  60 blades.  Thus t h e  
compressor has  a b l a d e  frequency of 500 t o  60G cps t h a t  remains 
cons tan t  with Macn number. 
Macn 
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As Mach number i s  i n c r e a s e d ,  a g r e a t e r  b lade  p i t c h  i s  requi red  
and high compressor b l a d e  loading  r e s u l t s .  
w i l l  cause g r e a t e r  f l u c t u a t i o n s  t o  be generated.  
of 0.75, a compressor b lade  resonance may b e  e s t a b l i s h e d .  A t  
lower Mach numbers, a lower f l u c t u a t i o n  concent ra t ion  w i l l  
appear.  
che RMS p r e s s u r e  c o e f f i c i e n t  d e c l i n e s  below M = 0.75. 
Higher b lade  loading  
A t  a Mach number 
‘6his hypothesis  is s u b s t a n t i a t e d  by Figure 2-5, where 
The d e c l i n e  i n  t h e  500 t o  GOO cps concent ra t ion  of f l u c t u a t i o n  
above M = 1.0  is  explained by t h e  method of t ransmission t o  t h e  
tunnel  test  s e c t i o n .  The diagram of t h e  tunnel  i n d i c a t e s  t h a t  
t h e  compressor i s  l o c a t e d  j u s t  a f t  of t h e  tunnel  test s e c t i o n .  
If t h e  f luc tua tFons  are only  t ransmi t ted  upstream t o  t h e  tes t  
s e c c i c n  through t h e  a i r  (by canduction),  t h e  compressor generated 
f l u c t u a t i o n s  would diminish near  14 = 1.0.  This  i s  S u b s t a n t i a t e d  
by Figures  2-1 through 2-5. 
Further  examination of F igures  2-1 through 2-4 shows t h a t  a concent ra t ion  
of f l u c t u a t i o n s  occurs  between approximately 1800 and 2500 cps.  Both 
cone and s i d e w a l l  c a l i b r a t i o n  d a t a  i n d i c a t e  t h a t  t h e  concent ra t ion  of 
f l u c t u a t i o n s  is  a f u n c t i o n  of Mach number between M = 0.75 and M = 1.20. 
This concent ra t ion  of f l u c t u a t i o n s  i s  a t t r i b u t e d  t o  t h e  wind t u n n e l  
porous walls f o r  t h e  following reasons:  
AEDC cone c a l i b r a t i o n  d a t a  shows t h a t  t h e  concent ra t ion  of f l u c t u a t i o n s  
varies and appears a t  1800 cps a t  M = 0.75, 1950 cps a t  M = 0.8, 
2450 cps a t  M = 1.10, and 2450 cps a t  M = 1.20. 
frequency w i t h  Mach number demonstrated by t h i s  p a r t i c u l a r  
concent ra t ion  of f l u c t u a t i o n s  is  c o n s i s t e n t  wi th  t h e  phenomena of 
changing resonant  frequency when v a r i a b l e  v e l o c i t y  i s  passed aver 
a f l a t  p la te -cavi ty  combination. 
a 50 cps bandwidth f i l t e r .  
The change i n  
This d a t a  was reduced us ing  
0 Martin s i d e w a l l  c a l i b r a t i o n  d a t a  does n o t  p r e s e n t  t h e  pronounced 
v a r i a t i o n  w i t h  frequency f o r  t h i s  concent ra t ion  of f l u c t u a t i o n s  
t h a t  t h e  AEDC cone d a t a  shows. This concent ra t ion  of f l u c t g a t i o n s  
appears a t  2000 cps f o r  a l l  cases presented except  a t  M = 1.2  and 
microphone number 8 where t h e  concent ra t ion  appears a t  2500 cps.  
The d a t a  picked up by t h e  s i d e w a l l  t ransducers  has  been t ransmi t ted  
approximately 10 f t  forward from t h e  porous w a l l  and has  been 
a t tenuated .  The frequency composition of t h i s  d a t a  may have been 
modified by t h e  t ransmiss ion  inechanism and by i n t e r a c t i o n  wi th  
t h e  t h i c k  boundary l a y e r .  Therefore ,  t h e  Concentration of 
f l u c t u a t i o n s  w i l l  n o t  n e c e s s a r i l y  appear a t  t h e  same frequency as 
t h e  cone d a t a .  The f l u c t u a t i o n  is  however s t i l l  a f u n c t i o n  of 
Mach number s i n c e  a s h i f t  from 2000 cps t o  2500 cp is  noted a t  
M = 1 . 2 .  
d a t a  reduct ion  bandwidth, Mart in  s i d e w a l l  d a t a  was reduced i n  
113 octaves ;  consequently,  a l l  f l u c t u a t i o n  between approximately 
Fur ther  s h i f t s  of frequency have been l o s t  due t o  t h e  
1 0  
1800 and 2200 w i l l  be passed by t h e  113 octave f i l t e r  and presented 
a t  t h e  f i l t e r  c e n t e r  frequency of 2000 cps. If a concent ra t ion  of 
f l i i c tua t ions  changes i n  frequency between 180@ and 2200 cps ,  
as Mach number changes t h e  reduced d a t a  w i l l  n o t  show t h i s  v a r i a t i o n .  
It w i l l  show t h e  concent ra t ion  a t  2000 cps i n s t e a d  of a t  i t s  t r u e  
frequency. 
The magnitude of t h e  concent ra t ion  of Eluc tua t ion  I s  e s s e n t i a l l y  
cons tan t .  From t h e  AEDC cone c a l i b r a t i o n ,  t h e  magnitude of t h i s  
concent ra t ion  of f l u c t u a t i o n s  i s  S’(w) = 0.014 x From tile 
Mart in  s i d e w a l l  d a t a ,  t h e  magnitude of t h i s  f l u c t u a t i o n  i s  S’(l11) = 
0.003 x loe5. 
w i t h  t h e  r e s u l t s  of a v e l o c i t y  passing over a f l a t  p la te -cavi ty  
combination. 
This phenomena of a cons tan t  magnitude i s  c o n s i s t e n t  
A s  i s  shown above, t h e  concent ra t ion  recorded by t h e  s i d e w a l l  
microphones‘ is  less than t h a t  recorded on the  cone microphones. 
The s i d e w a l l  d a t a  was c o l l e c t e d  upstream of t h e  wind tunnel  porous 
w a l l s .  The cone d a t a  was c o l l e c t e d  i n  t h e  tunnel  t e s t s  s e c t i o n .  
The cone i s  t h e r e f o r e  s c b j e c t  t o  t h e  f u l l  i n t e n s i t y  of t h e  f l u c t u a t i o n s  
generated by t h e  i’orous w a l l s  whi le  t h e  s i d e w a l l s  are s u b j e c t  
only t o  t h e  a t  ten;,ated f l u c t u a t i o n s  . 
It i s  shown on Figure 2-5 t h a t  t h e  Zluc tua t ions  measured on t h e  cone 
are genera l ly  g r e a t e r  than those measured on t h e  s idewal l .  
i n  s p i t e  of t h e  f a c t  t h a t  t h e  s i d e w a l l  mounted t ransducers  are subjec ted  
t o  a t h i c k  t u r b u l e n t  boundary l a y e r  whi le  t h e  cone has  a r e l a t i v e l y t h i n  
t u r b u l e n t  boundary l a y e r .  A hypothesis  whiLh tends t o  e x p l a i n  t h i s  is: 
The cone i s  near  t h e  porous walls and i s  s u b j e c t  t o  the  f u l l  i n t e n s i t y  of 
t h e  f l u c t u a t i n g  pressures  generated by t h e  porous walls.  
t ransducers  are upstream of t h e  porous w a l l s  and consequently f e e l  o c l y  
t h e  a t t e n u a t e d  f l u c t u a t i o n  of t h e  porous walls. Since t h e  cone i s  s u b j e c t  
t o  a h igher  f l u c t z a t i n g  pressure  from t h e  porous walls, t h e  combined 
e f f e c t s  of compressor, boundary l a y e r ,  and porous w a l l  tend t o  b e  h i g h e r  
f o r  t h e  cone than t h e  s idewal l .  A second phenomenon which may a l s o  be 
invo1:ved i s  a nonl inear  s u p e r p o s i t i o n  of t h e  stream and boundary l a y e r  
pressure  f l u c t u a t i o n s ,  This can cause t h e  r e s u l t a n t  measured pressure  
f l u c t u a t i o n  t o  be less than t h e  sum of t h e  f l u c t w t i n g  pressures .  It i s  
l i k e l y  t h a t  t h e s e  two phenomena ccmbined t o  y i e l d  t h e  r e s u l t s  presented 
i n  Figure 2-5. 
This occurs  
The s ide t ra l l  
The Martin s i d e w a l l  c a l i b r a t i o n  d a t a ’ s  o v e r a l l  RMS pressure  levels 
presented i n  Figure 2-5 show t h a t  t h e  r e s u l t s  from microphone number 8 
are genera l ly  lower than t h e  r e s u l t s  from microphone number 7 .  Both 
microphones are l o c a t e d  a t  t h e  same tunnel  l o n g i t u d i n a l  s t a t i o n ,  Microphone 
number 8 is  loca ted  on t h e  r i g i d  w a l l  of t h e  tunnel  while  microphone 
n m b e r  7 is l o c a t e d  on t h e  movable o r  f l e x i b l e  wall.. The f l e x i b l e  walls 
are contoured t o  form t h e  nozzle  f o r  each Mach number. 
i n  Figures 2-1 and 2-2, i t  is  seen t h a t  t h e  f l u c t u a t i n g  przssures  a r e  
ev ident ly  a t tear tared by turn ing  created by t h e  wind tunnel  nozzle .  This  
From d a t a  presented 
11 
is occurr ing  a t  Mach numbers of 0.75 and 0.80. For otl ier Mach numbers, 
t h e  f l u c t u a t i o n s  are evident ly  amplif ied by t h e  turn ing  generated by t h e  
nozzle ,  The d a t a  from microphone number 7 i s  a l s o  more sub-ject: t o  wall 
v i b r a t i o n s  s i n c e  t h i s  microphone is mounted on a f l e x i b l e  wal l .  Thcse 
hypotheses e x p l a i n  t h e  di i ferznco.  i n  t h e  o v e r a l l  RMS pressure  recorded 
by microphones number 7 and number 8. 
Figure 2-6 is a typical.  p r e s s u r e  power s p e c t r a l  d e n s i t y  f o r  a pure 
turbulen t  boundary l a y e r  (ReEerence 7) .  
2-6 and 2-1 t h a t ,  wi th  t h e  exc lus ion  of t h e  peaks,  t h e  b a s i c  n o i s e  i n  
t h e  AEDC wind tunnel  i s  similar t o  t h a t  of a t u r b u l e n t  boundary l a y e r .  
It  i s  a l s o  noted t h a t  t h i s  same shape occurs  on t h e  p r e s s u r e  power s p e c t r a l  
d e n s i t i e s  col1ecte.d from cone and s i d e w a l l  mounted pressure  t ransducers .  
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I11 SOURCES OF BACKGROUKD ACOUSTIC 
V i r t u a l l y  every component i n  both continuous and blowdown wind 
tunnels  can genera te  f l u c t u a t i o n s  t h a t  can b e  t r a n s m i t t e d  t o  tne test 
s e c t i o n .  The t ransmiss ion  can be by conduction, convection, o r  r a d i a t i o n  
through t h e  a i r ,  o r  by conduction through t h e  wind tunnel  s t r u c t u r e .  I f  
the  t ransmission mechanism i s  through t h e  wind tunnel  s t r u c t u r e  , t h e  
r e s u l t a n t  f l u c t u a t i o n s  w i l l  n o t  n e c e s s a r i l y  b e  i n  t h e  fcrm o r i g i n a l l y  
generated.  These p r e s s u r e  f l u c t u a t i o n s  can b e  generated by the  wind tunnel  
f r i c t i o n ,  component resonance, v o r t e x  shedding, and e x t e r n a l  forc ing .  An 
example of e x t e r n a l  f o r c i n g  i s  represented  by t h e  compressor-generated 
f l u c t u a t i o n s  presented i n  t h e  previous s e c t i o n .  The a i r  flow through t h e  
wind tunnel  can cause components t o  resonate  and thus genera te  flow 
f l u c t u a t i o n s .  Vor t ices  are generated by screens and o t h e r  p r o t r u s i o n s  i n  
the wind tunnel  stream. F r i c t i o n  is generated between t h e  working f l u i d  and 
a l l  s o l i d  boundaries.  These phenomena are intermingled t o  y i e l d  t h e  
r e s u l t a n t  a c o u s t i c  background n o i s e  i n  t h e  wind tunnel  test s e c t i o n .  
The var ious  wind tunnel  components an6 c h a r a c t e r i s t i c s  and t h e  
phenomena t h a t  g e n e r a t e  t h e  f l u c t u a t i o n  i n  each component are i l l u s t r a t e d  
i n  Figures  3-1 and 3-2 and are d iscussed  below. 
Component Resonance and F r i c t i o n  
A l l  wind tunnel  components have resonant  c h a r a c t e r i s t i c s .  The 
a i r  flow through t h e  wind tunnel  can cause t h e s e  components t o  
resonate  and thus  genera te  flow f l u c t u a t i o n s .  These resonat ing  
components inc lude  s c r e e n s  (Reference 8) ,  h e a t  exchanger tubes ,  
tu rn ing  vanes,  and var ious  cavities ar,d chambers. Many of t h e s e  
components can a l s o  shed v o r t i c e s .  The w a l l s  of t h e  wind tunnel  
e x e r t  f r i c t i o n  on t h e  wind tunnel  a i r  stream t h a t  creates a 
t u r b u l e n t  boundary l a y e r .  Turbulent boundary l a y e r s  create 
f l u c t u a t i o n s  i n  t h e  test  s e c t i o n .  The f l u c t u a t i o n s  generated 
by these  components can b e  e i t h e r  convected t o  t h e  tes t  s e c t i o n  
o r  t ransmi t ted  t o  t h e  t es t  s e c t i o n  through t h e  wind tunnel  
s t r u c t u r e .  
0 Porous Walls 
Transonic test s e c t i o n s  u t i l i z e  porous o r  s l o t t e d  walls. Porous 
walls genera te  t u r b u l e n t  f l u c t u a t i o n s  (Reference 9 ) .  The holes  
i n  t h e  porous w a l l s  w i l l  tend t o  resonate  a t  a given frequency 
which is  a f u n c t i o n  of Mach number. An example of what could 
be caused by t h e  porous walls i s  shown a t  approximately 2000 c p s  





Compressors i n  both continuous and blowdown wind tunnels  create 
pressure  f l u c t u a t i o n s  t h a t  can be convecred Lrto the  tLst s e c t i o n .  
These f l u c t u a t i o n s  can be generated by t h e  conpressor b lades  a t  
t h e  b lade  frequency (no. of b lades  x r p s ) ,  by t h e  b lade  v i b r a t i o n s ,  
o r  by t h e  mctor v a r i a t i o n s .  Figures  2-2 through 2-4 show t h e  
types of o s c i l l a t i o n  t h a t  could very e a s i l y  be caused by 
compressor b lades  a t  f requencies  from 500 t o  600 cps.  
0 Control  Valve 
I n  a blowdown wind tunnel ,  t h e  s t a g n a t i o n  pressure  is u s u a l l y  
regula ted  by a c o n t r o l  va lve .  
s o n i c  free j e t  a f t e r  passing through t h i s  va lve .  Free je ts  
genera te  l a r g e  scale turbulence  a t  t h e i r  boundaries.  The super- 
s o n i c  stream t h a t  fol lows t h e  c o n t r o l  v a l v e s  can be terminated 
by s t r o n g  shock waves. The i n t e r a c t i o n  between a s t r o n g  shock 
wave and a boundary l a y e r  is i n h e r e n t l y  uns tab le .  Thus, f low 
f l u c t u a t i o n s  are generated (Reference 10 and 1 1 ) .  The f l u c t u 6 t i o n s  
from t h e  free j e t  and shock wave boundary l a y e r  i n t e r a c t i o n  are 
convected i n t o  t h e  tes t  s e c t i o n .  
The flow f r e q u e n t l y  forms a super- 
0 D i f f u s e r  
Normal shock waves e x i s t  i n  wind tunnel  d i f f u s e r s .  The i n t e r -  
a c t i o n  between shock waves and boundary l a y e r s  is uns tab le .  
F luc tua t ions  can be t ransmi t ted  upstream t o  t h e  test  s e c t i o n  
through t h e  wind tunnel  s t r u c t u r e  (References 12 and 9 ) .  I n  a 
continuous wind tunnel ,  f l u c t u a t i o n s  can be convected around 
t h e  loop and back i n t o  t h e  test s e c t i o n .  
0 Exhaust System 
I n  a blowdown wind tunnel ,  t h e  a i r  stream exhausts  e i t h e r  i n t o  
vacuum tanks o r  i n t o  t h e  atmosphere. I n  e i t h e r  case a f r e e  jet, 
o r  even shock waves, can form. Both t h e s e  phez.,mena genera te  
flow f l u c t u a t i o n s  (Reference 1 3  and 14) t h a t  can be t ransmi t ted  
through t h e  s t r u c t u r e  of t h e  wind tunnel  o r  by conduction i n  
t h e  tunnel  test  s e c t i o n .  
0 Heat Exchanger 
A i r  i s  f r e q u e n t l y  heated on blowdown wind tunnels  and cooled i n  
continuous wind tunnels  wi th  h e a t  exchangers. The h e a t  t r a n s f e r  
does n o t  take  p l a c e  uniformly; so  temperature,  o r  entropy,  
s p o t t i n e s s  i s  induced i n t o  t h e  a i r  stream. This f l u c t u a t i o n  i n  
temperature of t h e  a i r  s t ream i n  t h e  test  s e c t i o n  may cause 
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f l u c t u a t i o n  i n  v e l o c i t y  and pressure  i n  t h e  t e s t  s e c t i o n  
(Reference lo). 
0 Servo Control  S y s t e m  
Continuous and blowdown wind tunnels  are c o n t r o l l e d  by servo- 
mechanisms. Servo-mechanisms f r e q u e n t l y  o s c i l l a t e  t o  some 
e x t e n t .  Should t h e  wind tunnel  c o n t r o l  system o s c i l l a t e ,  i t  
w i l l  genera te  flow o s c i l l a t i o n s .  These f l u c t u a t i o n s  could 
then be t ransmi t ted  i n t o  t h e  wind tunnel  test  s e c t i o n  by 
convection o r  conduction. 
The preceding list does not  n e c e s s a r i l y  inc lude  a l l  t h e  components 
t h a t  genera te  f l u c t u a t i o n  i n  wind tunnels .  However, t h e  list i s  as 
complete as can b e  assembled u n t i l  wind tunnel  tests have been conducted 
t o  i s o l a t e  t h e  p a r t i c u l a r  sources .  For example, t h e  preceding s e c t i o n  
descr ibes  c a l i b r a t i o n  tests i n  t h e  AEDC tunnel  which i n d i c a t e d  t h a t  
t h e  compressor, t h e  porous w a l l s .  and t h e  t u r b u l e n t  boundary l a y e r  
cont r ibu ted  t o  t h e  o v e r a l l  n o i s e  l e v e l .  i f  these  sources  were el iminated 
o r  reduced, i t  is  probable t h a t  a new source of f l u c t u a t i o n  would b e  
uncovered. It i n  t u r n  would have t o  b e  e l imina ted  o r  reduced. 
If t h e  f l u c t u a t i o n s  could n o t  be e l imina ted ,  a method would have t o  b e  
developed t o  c o r r e c t  wind tunnel  d a t a  based on c a l i b r a t i o n s .  
procedures would not  make complete c o r r e c t i o n s  because of t h e  many 
i n t e r a c t i n g  phenomena. It is ,  however, d e s i r a b l e  t o  reduce t h e  f l u c t u a t i n g  
pressure  t o  t h e  lowest p o s s i b l e  level. 
d a t a  w i l l  conta in  t h e  least  p o s s i b l e  i n f l u e n c e  from background p r e s s u r e  
f l u c t u a t i o n s .  
These c o r r e c t i o n  
Therefore ,  t h e  dynamic wind tunnel  
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I V  CORRECTION ANALYSIS 
Wind tunnel  tests are conducted t o  determine t h e  unsteady aerodynamic 
environment generated by t h e  pass ing  of a space v e h i c l e  through t h e  
atmosphere. 
t e r q e r a t u r e ,  and v e l o c i t y  magnitude and d i r e c t i o n .  These f l u c t u a t i o n s  are 
sensed by t h e  measuring devices  a t t a c h e d  t o  t h e  model. The measurements of 
t h e s e  background f l u c t u a t i o n s  are d i f f i c u l t  t o  d i s t i n g u i s h  from t h e  
measurements of t h e  model-generated p r e s s u r e  f l u c t u a t i o n s .  
However, wind tunnels  have background f l u c t u a t i o n s  of p r e s s u r e ,  
Wind tunnel  no ise  i n c l u d e s  d i v e r s e  phenomena whose e f f e c t s  on dynamic 
wind tunnel  model d a t a  are very  complex. The f l u c t u a t i o n s  can be t rans-  
mi t ted  t o  t h e  model by conduction, convection, and r a d i a t i o n .  I n  each case 
t h e  f l u c t u a t i o n s  are modified by t h e i r  passage through i s e n t r o p i c  expansion 
and compression waves , through weak and s t r o n g  obl ique  waves , and through 
boundary l a y e r s .  These modi f ica t ions  may be frequency-dependent, and i n  
many cases t h e s e  modi f ica t ions  w i l l  r e s u l t  i n  a m p l i f i c a t i o n s  of t h e  p r e s s u r e  
f l u c t u a t i o n s .  I n  a d d i t i o n  t o  t h e s e  problems, t h e r e  may be i n t e r a c t i o n s  
between wind tunnel  background f l u c t u a t i o r i s  and model-generated f l u c t u a t i o n s .  
The background f l u c t u a t i o n s  may cause t h e  model t o  genera te  f l u c t u a t i o n s  t k s t  
do not  e x i s t  when no background f l u c t u a t i o n s  iire present .  Likewise, i t  i s  
conceivable t h a t  t h e  model-generated p r e s s u r e  f l u c t u a t i o n s  can amplify,  o r  
a t  l e a s t  modify, the  background f l u c t u a t i o n s .  
In  view of t h e s e  u n c e r t a i n t i e s  regard ing  t h e  e f f e c t s  of wind tunnel  
background f l u c t u a t i o n s  on dynamic wind t u n n e l  models , t h e  b e s t  approach 
t o  obta in ing  v a l i d  d a t a  i s  t o  reduce t h e  background Level as low as poss ib le .  
After achieving a low f l u c t u a t i o n  level,  t h e  background f l u c t u a t i o n s  should 
b e  decomposed i n t o  t h e i r  frequency and s p a t i a l  c h a r a c t e r i s t i c s .  This  i s  
requi red  p a r t i c u l a r l y  i n  t h e  reg ion  of t h e  tunnel  t e s t  s e c t i o n .  These 
should be examined t o  determine whether t h e  f l u c t u a t i o n s  are concentrated 
i n  any frequency range. If concent ra t ion  a t  given f requencies  occurs ,  t h e  
model measuring system should be f i l t e r e d  t o  e l i m i n a t e  a l l  readings a t  
these  f requencies ,  This w i l l  reduce t h e  background s i g n a l s  sensed by t h e  
measuring system, The disadvantage of t h i s  procedure i s  t h a t  some of t h e  
model-induced f l u c t u a t i o n s  w i l l  be l o s t .  Therefore ,  engineer ing judgment 
w i l l  have t o  be used t o  select t h e  f requencies  t o  be f i l t e r e d  and t h e  f i l t e r  
bandwidths . 
For an  i d e a l i z e d  case, i t  i s  p o s s i b l e  t o  c a r r y  t h e  c o r r e c t i o n  procedure 
one s t e p  f u r t h e r  and s u b t r a c t  t h e  power s p e c t r a l  d e n s i t i e s  of t h e  l o c a l  
background pressure  f l u c t u a t i o n s  from t h e  r e s u l t a n t  l o c a l  measured 
power s p e c t r a l  d e n s i t y .  Assume t h a t  t h e  only background f l u c t u a t i o n s  
are p r e s s u r e  f l u c t u a t i o n s .  
a t  s t a t i o n  i be represented  by pb(xi ,yi ,z i , t )  and t h e  model-induced l o c a l  
pressure  f l u c t u a t i o n s  a t  t h i s  p o i n t  b e  represented by pm(xi,yi,zi,t) 
(see Figure 4-1). 
Le t  t h e  l o c a l  background preGsure f l u c t u a t i o n s  
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by t h e  pressure  t ransducer  a t  t h i s  s t a t i o n  be represented  by P r  ( x i  r y i  zi t )  . 
Some test d a t a  i n d i c a t e s  t h a t  a d d i t i o n  of background p r e s s u r e  f l u c t u a t i o n s  
t o  model-generated p r e s s u r e  f l u c t u a t i o n s  i s  non-l inear .  
assume t h a t  t h e  r e s u l t a n t  p r e s s u r e  sensed by t h e  model measuring system 
can be represented by t h e  fol lowing series : 
Therefore ,  
To u t i :  -.- t h i s  express ion ,  tests w i l l  have t o  be conducted t o  
determine i t s  range of a p p l i c a b i l i t y  and t o  determine t h e  magnitud? of 
t h e  c o e f f i c i e n t s  an. 
c o r r e c t i o n  a n a l y s i s  w i l l  be c a r r i e d  out  f o r  t h e  l i m i t e d  case of 1i:near 
a d d i t i o n  which is  equiva len t  t o  t h a t  given by equat ion  (4-1) when-a1  = 1 
and an = 0 f o r  n > 1. 
a n a l y s i s  t h a t  can be conducted when t h e  c o e f f i c i e n t s  i n  equat ion (4-1) 
are known. 
Since t h e s e  f a c t o r s  have n o t  been determined,, t h e  
The l i n e a r  a n a l y s i s  i l l u s t r a t e s  t h e  more g e n e r a l  
P r  ( x i  r Y i  s z i  , t )  = Pm(xi , Y i  5 Z - i  9 t )  + Pb ( x i  Y Y i  r Zi r t )  (4-2) 
The c ross  c o r r e l a t i o n  func t ion  between t h e  p r e s s u r e  f l u c t u a t i o n s  a t  two 
p o i n t s  i and j is: 
The c r o s s - c o r r e l a t i o n  of t h e  r e s u l t a n t  pressure  f l u c t u a t i o n s  between 
s t a t i o n s  i and j can b e  w r i t t e n :  
% r ( i r j  3.r) = % m ( i r j  + Rpb(i9.j + s m p b ( i y j  ,T) + Rpbpm(i,j ,TI (4-5) 
For the  i d e a l i z e d  case,  l e t  t h e  mean value of t h e  f l u c t u a t i o n s  be zero 
and the  model-generated f l u c t u a t i o n s  and t h e  background f l u c t u a t i o n s  be 
s t a t i s t i c a l l y  independent,  Then t h e  l a s t  two terms of equat ion (4-5) 
a r e  zero. Thus t h e  c r o s s - c o r r e l a t i o n  of t h e  model-generated pressure  
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€li ic tuat ior .s  between s t a t i o n s  i and j can be w r i t t e n :  
The power s p e c t r a l  d e n s i t i e s  are Four ie r  t ransforms of the  c o r r e l a t i o n  
func t ions .  Taking Four ie r  t ransforms of t he  previous equat ions  y i e l d s :  
Thus the  model-generated c ros s  power s p e c t r a l  dens i ty  can be  obta ined  
by determining the  c ros s  power s p e c t r a l  dens i ty  of the  r e s u l t a n t  p re s su re  
f l u c t u a t i o n s  sensed by the  p re s su re  t ransducers  and by s u b t r a c t i n g  from 
t h i s  t he  c ross  power s p e c t r a l  dens i ty  of t h e  background f l u c t u a t i o n s  t h a t  
e x i s t  a t  t hese  p o i n t s .  
f o r  which t h i s  a n a l y s i s  i s  developed. S i m i l a r  procedures  c.d be  appl ied  
t o  s u b t r a c t  ins t rumenta t ion  n o i s e  from measured da ta .  
This procedure i s  l imi t ed  t o  t h e  s p e c i a l  case 
Since the  types of background f l u c t u a t i o n  and the  i n t e r a c t i o n  
between the  background f l u c t u a t i o n s  and the  mpdel-generated f l u c t u a t i o n s  
are s u b j e c t  t o  numerous r e s t r i c t i o n s  be fo re  t h e  d a t a  can be cor rec ted  by 
equat ions (4 -6 )  and ( 4 - 7 ) ,  t h e  b e s t  method of ob ta in ing  v a l i d  tes t  d a t a  
is t o  reduce the  background f l u c t u a t i o n s  i n  t h e  wind tunnel  t o  t h e  lowest 
level poss ib le .  Subsequently,  test d a t a  can be  ad jus t ed  f o r  background 
no i se  by the  fol lowing : 
Determine the  s p a t i a l  and frequency c h a r a c t e r i s t i c s  of t h e  back- 
ground no i se  of t he  va r ious  tunnels  used i n  a c o u s t i c  t e s t i n g .  
Estimate the  s p a t i a l  and frequency c h a r a c t e r i s t i c s  of t he  model 
t o  be  t e s t e d  and select  a tunnel  which does no t  have pronounced 
frequency concent ra t ions  nea r  t h e  f requencies  where the  model i s  
expected t o  gene ra t e  concent ra t ions  of f l u c t u a t i o n .  
F i l t e r  test d a t a  a t  f requencies  where t h e  background no i se  has  
concent ra t ions  of f l u c t u a t i o n  i f  t hese  background f l u c t u a t i o n s  
do n o t  i n t e r f e r e  wi.th the  s p e c i f i c  c h a r a c t e r i s t i c s  of t h e  model 
be ing  t e s t e d .  
I f  the  cross power s p e c t r a l  del is i ty  of t he  background n o i s e  i s  
small  ( i . e .  of cons iderably  lower amplitude) compared t o  t h e  c ros s  
power s p e c t r a l  dens i ty  of t h e  model generated f l u c t u a t i o n s ,  t h e  
d a t a  can poss ib ly  be improved by the  use  of equat ions  ( 4 - 6 )  and 
(4 -7 )  even i f  a l l  t h e  r e s t r i c t i o n s  on the  background f l u c t u a t i o n s  
are not  met. 
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V WIND TUNNEL ACOUSTIC CALIBRATION DEVICE 
SELECTIONy DESIGN, AND VERIFICATION 
Wind tunnel  a c o u s t i c  c a l i b r a t i o n  techniques and c a l i b r a t i o n  devices  
have been reviewed. 
device have been l i s t e d .  From t h i s  s tudy ,  t h e  b e s t  wind tunnel  a c o u s t i c  
c a l i b r a t i o n  devices  have been s e l e c t e d  f o r  use i n  f u t u r e  wind tunnel  
a c o u s t i c  c a l i b r a t i o n s .  The s e l e c t e d  c a l i b r a t i o n  devices  have been 
designed f o r  a c o u s t i c  c a l i b r a t i o n  of th.e MSFC 1 4  i n .  t r i s o n i c  wind tunnel .  
Cer ta in  components of t h e  MSFC 1 4  i n ,  c a l i b r a t i o n  devices  have been tested , 
t o  v e r i f y  t h e i r  e f f e c t i v e n e s s .  
of t h e  o v e r a l l  c a l i b r a t i o n  sjstem f o r  t h e  MSFC 1 4  i n .  wind tuniiel. 
The advantaLes and disadvantages of each c a l i b r a t i o n  
Wind tunnel  t cs t  w i l l  v e r i f y  t h e  e f f e c t i v e n e s s  
A. SELECTION OF CALIBRATION DEVICES 
Various methods of performing dynamic C a l i b r a t i o n s  of wind tunnels  
have t e e n  s t u d i e d .  The techniques t h a t  can be used i n  dynamic wind 
tunnel  c a l i b r a t i o n s  have been c a r e f u l l y  analyzed. The c a l i b r a t i o n  
devices  discussed below are summarized in Figure 5-1. The relative 
advantages of each type are summarized i n  Figure 5-2. 
e Cones 
Slender  cones with dynamic pressure  t ransducers  mounted on t h e  
s u r f a c e  are used as c a l i b r a t i o n  devices .  The t ransducers  
measure l o c a l  s t a t i c  pressure  f l u c t u a t i o n s .  The l o c a l  s t a t i c  
pressure  on t h e  s u r f a c e  of a s l e n d e r  cone i s  very  near  t o  t h e  
f r e e  stream s t a t i c  pressure .  Thus a s l e n d e r  cone in t roduces  
minimal d is turbances  i n t o  t h e  flow f i e l d .  A t  least one p r e s s u r e  
t ransducer  should be l o c a t e d  uader t h e  laminar boundary l a y e r .  
Boundary l a y e r  t r a n s i t i o n ,  i n  c e r t a i n  i n s t a n c e s ,  may be delayed 
by cool ing t h e  cone. Unstable shock waves can form on s l e n d e r  
cones only i n  a very l i m i t e d  Mach number range i n  t h e  t r a n s o n i c  
regime. These shock waves can be monitored with t h e  wind tunnel  
o p t i c a l  system. Corre la t ions  between cone d a t a  and wall-mounted 
p r e s s u r e  t ransducer  d a t a  w i l l  a i d  i n  e x t r a p o l a t i n g  cone d a t a  
through t h e  t r a n s o n i c  regime. 
e Sidewall  Mounted P r e s s u r e  Transducers 
I n  t r a n s o n i c  test s e c t i o n s ,  t ransducers  have been a t tached  
t o  t h e  porous walls. I'his method of c a l i b r a t i o n  n e c e s s a r i l y  




C o n e  M o u n t e d  P r e s s u r e  T r a n s d u c e r s  
S i d e  Wall Mounted P r e s s u r e  T r a n s d u c e r s  
Wedge M o u n t e d  Pressure T r a n s d u c e r s  
-------- 
L F l a t  P l a t e  Mounted P r e s s u r e  T r a n s d u c e r s  
CONE MOUNTED PRESSURE TRANSDUCERS 
NEASURE PRESSURE FLUCTUATIONS BENEATH 
LAMlNAR ROUNDARY LAYERS. THE DATA 
MUST BE CORRECTED FOR T9E EFFECTS OF 
THE CONICAL FLOW FIELD.  CONES ARE 
SUBJECT TO OSCILLP'T 1 '1G SHOCK WAVES : :: 
THE TRANSONIC REGIXE. 
THESE DEVICES WILL MEASURE :'RESSURE 
FLUCTUA'KiONS AT THE WALL 01> THE TEST 
SECTION. THEY ARE FREE OF SEPARATED 
BOK SHOCK WAVES WHICH INTERFERE WITH 
SOME C A L I B M T I O N  DEVICES I N  THE TRAN- 
SONIC REGIME. HOWEVER, THEY ARE IN- 
FLUENCED BY TEST SECTlOE: 50Uk3ARY 
LAYERS . 
WEDGE MOUNTED PRESSURE TRANSDUCERS 
ALSO MEASURE PRESSIJRE FLUCTUATIONS 
RENEATH LAMINPR ROUNDARY LAYCRS. THE 
STRFAM FLUCTUATTCTiS, WEDGES ARE SUB- 
JECT TC! OSCILLATTNG SHOCK WAVES I N  
THE TRANSONIC REGIME. 
DATA MUST BE CORRECTED Tn 9iiTAIN FREE 
FLAT PLATE HOUNTED PRESSURE TRANS- 
DUCERS MEASURE PRESSURE FLUCTUATIONS 
UNDER LAMINAR BOUNDARY LAYERS. FLAT 
PLATES ARE INFLiiENCED BY OSCILLATING 
DETACHED SHOCK WAVES I N  THE TRANSONIC 
h: ZIME. THE SHOCK WAVES CRf. BE 
FORCED TO ATTACH TO THE PLATE BY PRO- 
VIDING SUCTION UNDER THE PLATE. 
FIGURE 5- 1. ACOUSTIC CALIBRATION DEVICES 
2 4  
C y l i n d e r  I n t e r i a l  Moun ted  P r e s s u r e  T r a n s d u c e r  
C y l i n d e r  E x t e r n a l  Moun ted  P r e s s u r e  Transducer I 
I 
H e m i s p h e r e  M o u n t e d  Pressure T r a n s d u c e r s  I-
H o t  Wire A n e m o m e t e r s  I
ImERNAL CYLINDER MOUNTED PRESSURE 
TPANSDUCERS MEASURE SURFACE PRESSURE 
FLUCTUATIONS. SUCTION IS REQUIRED TO 
MAINTAIN THE EXTERNAL MACH NO. IN- 
TERNALLY. THE CYLINDER IS SUBJECT TO 
OSCILLATING SHOCK WAVES NEAR M = 1.0 
EXPERNAL CYLIVDER MOUNTED PRESSURE 
TRANSDUCERS MEASURE SURFACE PRESSURE 
FLUCTUATIONS. MEASUREMENTS ARE MADE 
UNDER A LAMINAR OR THIN TURBULENT 
BOUNDARY LAYER. THE CYLINDER IS 
SUBJECT TO OSCILLATING SHOCK WAVES 
NEAR M = 1.0 
THESE DEVICES ASURE STAGNATICN PRES- 
SURE @N A HENISPHERE. S INCE THE FLOW 
FIELD ABOUT A HEMISPHERE IS KNOivW, 
PRESSURE FLUCTUATIOKS I Y  THE FREE 
STREAM CAN BE CALCULATED. THE DEVICE 
IS SUBJECT TO SHOCK NAVE OSCILLATIONS 
I N  THE: TRANSONIC REGIME. 
HOT WIRE ANEMOMETERS MEASURE VELOCITY 
RATED BON SHOCK WAVES. HOWEl'ER, THEY 
ATIONS I N  THE TEST SECTION. 
FLUCTL'P-TIONS. THEY ARE FREE OF SEPA- 
ARE INFLUENCED BY TEMPERATLIRE FLUCTU- 





























































t u r b u l e n t  boundary l a y e r  i n  t h e  test s e c t i o n ,  Estimates of t h e s e  
f l u c t u a t i o n s  must b e  made and t h e  est imated f l u c t u a t i o n s  m u s t  be  
s u b t r a c t e d  from t h e  c a l i b r a t i o n  measurenients. This method of 
c a l i b r a t i o n  does not  a l low f l u c t u a t i o n s  t o  be determined i n  t h e  
c e n t e r  of t h e  test s e c t i o n  f low f i e l d .  Sfnca t h i s  technique does 
no; d i s t u r b  t h e  free stream flow f i e l d ,  shock waves are n o t  formed 
in t h e  t r a n s o n i c  regime. Thus t h i s  technique does n o t  induce 
d is turbances  i n  t h e  f low f i e l d .  C x r e l a t i o n s  can b e  determined 
between d a t a  obtained by t h i s  method and d a t a  obtained from o t h e r  
c a l i b r a t i o n  teThniques which d2 not  produce v a l i d  d a t a  i n  t h e  
t r a n s o n i c  regime. 
techniques t o  b e  e x t r a p o l a t e d  through t h e  t r a n s o n i c  regime. 
This w i l l  a l low d a t a  determined from t h e s e  o t h e r  
0 Wedges 
Dynamic pressure  t ransducers  are i n s e r t e d  i n  t h e s e  c o n f i g u r a t i o n s  
t o  measure t h e  p r e s s u r e  f l u c t u a t i o n s .  It is  d e s i r a b l e  t o  l o c a t e  
t h e  t ransducers  s u f f i c i e n t l y  forward so t h a t  the  measurements 
w i l l  be  nade i n  t h e  laminar  boundary l a y e r .  If t h e  measurements 
are made i n  t h e  t u r b u l e n t  boundary l a y e r ,  t h e  c a l i b r a t i o n  d a t a  
has  t o  b e  c o r r e c t e d  f o r  t u r b u l e n t  f l u c t u a t i o n s .  The dynamic 
p r e s s u r e  readings cn  t h e  cone and wedge s u r f a c e s  a l low t h e  free 
stream f l u c t u a t i o n s  t o  b e  determined. However, three-dimensional 
t i p  flows may cause t h e  s u r f a c e  p r e s s u r e s  t o  d e v i a t e  from t h e  two- 
dimensional va lues .  Also,  u n s t a b l e  shock waves can form i n  t h e  
t r a n s o n i c  regime. 
shock waves and t h e i r  o s c i l l a t i o n s .  C o r r e l a t i o n s  between wedge 
d a t a  and w a l l  mounted p r e s s u r e  t ransducer  d a t a  w i l l  a l low t h e  
wedge d a t a  t o  b e  e x t r a p o l a t e d  through t h e  t r a n s o n i c  regime. 
The wind tunnel  o p t i c a l  system w i l l  show t h e s e  
F l a t  P l a t e s  
Dynamic p r e s s u r e  t r a m d u c e r s  are f l u s h  mounted i n t o  p l a t e s ,  
p r e f e r a b l y  under t h e  laminar  boundary l a y e r .  However, three-dimen- 
s i o n a l  f low about p l a t e  t i p s  r u l  i n t e r f e r e  wi th  t h e  f low measure- 
ments. Also,  f low s e p a r a t i o n  a t  t h e  lead ing  edge of a p l a t e  can 
cause similar problems. 
below t h e  p l a t e  and is covered by a n  aerodynamic f a i r i n g ,  
t ransducer  measures t h e  free stream pressure  f l u c t u a t i o n s  d i r e c t l y ,  
though i t  may break  up r a d i a t e d  f l u c t u a t i o n  t o  some e x t e n t .  
Unfortunately,  f l a t  p l a t e  c a l i b r a t i o n  systems can choke t h e  
flow i n  t h e  t r a n s o n i c  regime and thus genera te  a detached normal 
shock wave t h a t  i n t e r f e r e s  wi th  t h e  c a l i b r a t i o n .  C o r r e l a t i o n  
of t h i s  d a t a  wi th  d a t a  obtained from o t h e r  types of c a l i b r a t i o n  
may a l low e x t r a p o l a t i o n s  t o  b e  m d e  through the  t r a n s o n i c  regime. 
A p o s s i b l e  s o l u t i o n  t o  t h e  s e p a r a t e  shock wave problem is  t o  
apply s u c t i o n  t o  t h e  f low f i e l d  beneath t h e  p l a t e .  
can be appl ied  by t h e  t r a n s o n i c  test s e c t i o n  plenum chamber. 
This w i l l  r e q u i r e  s e p a r a t i n g  t h e  plenum chamber i n t o  d i f f e r e n t  
The body of t h e  t ransducer  pro t rudes  
The 
The s u c t i o n  
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sect ions and c e n t r o l l i n g  t h e  p r e s s u r e  i n  each segnant  s e p a r a t e l y .  
There is a l s o  a p o s s i b i l i t y  t h a t  s u c t i o n  can be provided by running 
a vaclium l i n e  down t h e  s t i n g  a1.i under t h e  p l a t e .  
s u c t i m  method, t h e  shock wave w i l l  be  forced t o  a t t a c h  t o  t h e  
lead ing  edge of t h e  plate.  This s t a b i l i z a t i o n  of t h e  shock 
wave w i l l  e l i m i n a t e  e r r o n w ~ u s  measurements i n  t h e  t r a q s o n i c  regime. 
Using e i t h e r  
I n t e  mal  Cylinders 
Cyl inderpY&? e s s e n t i a l l y  p l a t e s  w i t h  t h e  t i p s  jo ined .  
they behave very much l i k e  f la t  p l a t e s  w i t h  no t i p  e f f e c t s .  
When t h e  measurements are taken on t h e  i n s i d e  of a c y l i n d e r ,  t h e  
t ransduce 51-1 p r o t r u d e  o u t s i d e  t h e  cy l inder .  This creates 
blockags .- rhe t r a n s o n i c  regime. This  can b e  overcome by 
ixicreasing t h e  a u c t i o n  through t h e  t r a n s o n i c  walls. 
t h i s  increased  s u c t i o n  w i ; l  a l t e r  t h e  test s e c t i o n  flow condi t ions .  
Thus, 
However, 
0 Extclrnal Cylinders.  
E x t e r n a l  c y l i n d e r s  are i d e n t i c a l  t o  i n t e r n a l  c y l i n d e r s  except  
t h a t  t h e  measurements are made on t h e  o u t s i d e  of t h e  c y l i n d e r s .  
The t ransducers  t r i l l  p ro t rude  t o  t h e  i n s i d e .  This  w i l l  choke 
t h e  i n t e r n a l  flow i n  t h e  t r a n s o n i c  regime. This can be overcoine 
t o  some e x t e n t  by i n t e r n a l  s u c t i o n .  
Hemispheres 
With t h e s e  devices ,  t o t a l  p r e s s u r e s  are measured a t  t h e  s t a g n a t i o n  
p0ir.t. 
t h e  measured f l u c t u a t i n g  t o t a l  p r e s s u r e  w i l l  a l low t h e  f l u c t u a t i n g  
free stream p r e s s u r e  t o  b e  determined. However, l o c a l  supersonic  
f low te rmina t ing  i n  normal shock waves and detached bow shock 
waqes can form on hemispheres i n  t h e  t r a n s o n i c  regime. Normal 
shock waves are i n h e r e n t l y  unsteady. Thus, t r a n s o n i c  d a t a  from 
hemispheres may n o t  b e  v a l i d .  
g i v e  an i n d i c a t i o n  of t h e  bow shock wave s t a b i l i t y .  
between t h i s  d a t a  and d a t a  obtained from w a l l  mounted p r e s s u r e  
t ransducers  should a l s o  i n d i c a t e  t h e  v a l i d i t y  of t h e  d a t a  i n  t h e  
t r a n s o n i c  regime. 
Since t h e  flow f i e l d  about a hemisphere i s  well def ined ,  
The wind t u n n e l  o p t i c a l  system w i l l  
C o r r e l a t i o n s  
0 Hot Wire Anemometers 
This  technique w i l l  g i v e  an a c c u r a t e  d e s c r i p t i o n  of v e l o c i t y  
f l u c t u a t i o n s .  
f l u c t u a t i o n s  must be consldered i n  c o r r e c t i n g  wind tunnel  d a t a ,  
t h e  h o t  wire technique w i l l  be a va luable  t o o l .  One l i m i t a t i o n  
on t h i s  technique is imposed by temperature f l u c t u a t i o n s  i n  t h e  
flow stream. It i s  d i f f i c u l t ,  i f  n o t  impossible ,  t o  s e p a r a t e  
v e l o c i t y  f l u c t u a t i o n s  from temperature f l u c t u a t i o n s  s i n c e  t h e  
If v e l o c i t y  f l u c t u a t i o n s  as w e l l  as p r e s s u r e  
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hot  wire anemometer is a h e a t  t r a n s f e r  device.  t he  hot  wires a l s o  
have a tendency t o  break during t h e  wind tunnal  s t a r t i n g  process .  
I n  s p i t e  of t hese  d i f f i c u l t i e s ,  ho t  wire anemometers may b e  very  
u s e f u l  as they are not  in f luenced  s i g n i f i c a n t l y  by o s c i l l a t i n g  
shock waves i n  the  t r anson ic  regime. 
A 10' apex angle  cone is  s e l e c t e d  as t h e  primary c a l i b r a t i o n  device  
f o r  use i n  a c o u s t i c  c a l i b r a t i o n s  of wind tunnel.. The c a l i b r a t i o n  device 
w i l l  have two f l a t  s u r f a c e s  f o r  mounting of a c o u s t i c  measuring devices .  
These f l a t  s u r f a c e s  w i l l  be  s i z e d  by the  ins t rumenta t ion  requirements.  
A s l ende r  cone is chosen f o r  t h e  fol lowing reasons:  
0 Measurements on t h e  cone s u r f a c e  can be made under t h i n  laminar 
boundary l a y e r ,  whereas s i d e w a l l  t ransducer  measurements are 
made under a t h i c k  tu rbu len t  boundary l a y e r .  Also cone measurements 
are made i n  t h e  c e n t e r  of t h e  test s e c t i o n .  
0 Cone measurements are n o t  a f f e c t e d  by t i p  f low as are wedge and 
f l a t  p l a t e  measurements. 
F l a t  p l a t e s ,  i n t e r n a l  cy l inde r s ,  and e x t e r n a l  cy l inde r s  r e q u i r e  
a d d i t i o n a l  s u c t i o n  i n  t h e  t r a n s o n i c  regime. Cones do n o t  r e q u i r e  
a d d i t i o n a l  s u c t i o n  i n  t h i s  regime. 
0 The Mach number range where uns t ab le  shock waves occur is smaller 
f o r  s l e n d e r  cones than  f o r  f l a t  p l a t e s ,  i n t e r n a l  cy l inde r s ,  and 
e x t e r n a l  cy l inde r s .  
0 The p res su re  measurements made on cones are d i r e c t  measurenents of 
l o c a l  s ta t ic  pressi i re ,  whereas the  measurenents taken on 
hemispheres are i n d i r e c t  measurements of s t agna t ion  p res su re  
behind normal shock waves. 
uns t ab le  shock waves. 
The cones have sma!ler regimes of 
Cones measurements are no t  in f luenced  by temperature f l u c t u a t i o n s  
t o  t h e  same e x t e n t  as h o t  w i r e  anemometers. Measurements obtained 
wi th  h o t  wires are i n d i r e c t  measurements of s ta t ic  p res su re  
f l u c t u a t i o n s .  Also hot  w i r e  anemometers are no t  very rugged. 
Sidewall-mounted t ransducers  w i l l  be  :required t o  augment the  d a t a  obtained 
from cones. 
cone d a t a  through t h e  t r a n s o n i c  regime. 
ahead of t he  porous w a l l  and one w i l l  be loca t ed  i n  t h e  c e n t e r  of a porous 
w a l l .  
ground f l u c t u a t i o n s .  Other p re s su re  t ransducers  w i l l  be l o c a t e d  throughout 
t he  wind tunnel  t o  provide s u f f i c i e n t  d a t a  f o r  computing the  p re s su re  power 
s p e c t r a l  d e n s i t i e s  and c o r r e l a t i o n  func t ions  necessary t o  determine 
the  sources  of t he  background f ?  uc tua t ions .  
Data taken from these  devices  w i l l  a i d  i n  e x t r a p o l a t i n g  
One t ransducer  w i l l  be  loca t ed  
They w i l l  i n d i c a t e  t h e  e f f e c t s  of t he  porous w a l l s  on t h e  back- 
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B.  DESIGN 9F CALIERATION DEVICES 
The design of t h e  c a l i b r a t i o n  cone must b e  t a i l o r e d  t o  t h e  wind 
tunnel  which i s  t o  be c a l i b r a t e d .  Longi tudinal  and c i r c u m f e r e n t i a l  
p ressure  measuring s t a t i o n s  should b e  provided wherever p o s s i b l e .  Adequate 
l o n g i t u d i n a l  pressure  sens ing  devices  must be provided f o r  t h e  computation 
of t h e  c o r r e l a t i o n  func t ion .  An accelerometer  and a bur ied  microphone 
o r  t ransducer  w i l l  provide a d d i t i o n a l  information about t h e  tes t  r e s u l t s .  
They w i l l  determine t h e  i n f l u e n c e  of model v i b r a t i o n s  on t h e  f l u c t u a t i n g  
p r e s s u r e  output .  This  is  e s p e c i a l l y  t r u e  i f  t h e  pressure  t ransducers  t o  
be used are a c c e l e r a t i o n  s e n s i t i v e .  
t h e  i n c l u s i o n  of a l l  t h e  above. I f  t h i s  i s  t h e  case, t h e  l o n g i t u d i n a l  
p r e s s u r e  t ransducers  t a k e  precedence. For example, t h e  dynamic c a l i b r a t i o n  
cone f o r  t h e  MSFC 1 4  i n .  t r i s o n i c  wind tunnel ,  shown i n  Figure 5-3, 
must provide l o n g i t u d i n a l  c o r r e l a t i o n s  and ensure t h a t  t h e  measurements 
are n o t  s u b j e c t  t o  flow incidence.  When t h i s  ins t rumenta t ion  is  provided, 
t h e r e  i s  no a d d i t i o n a l  space f o r  r i n g  c o r r e l a t i o n s  and accelerometers .  
The MSFC 1 4  i n .  t r i s o n i c  c a l i b r a t i o n  device is t e n  inches  i n  l e n g t h  and 
has  f l a t s  on t h e  top and bottom. These f la t s  f a c i l i t a t s  t h e  f l u s h  mounting 
of t h e  p r e s s u r e  t ransducers .  One-eighth ill. J iameter  p r e s s u r e  t ransducers  
are l o c a t e d  on t h e  upper s u r f a c e  a t  1.88, 2.50, 5.00, and 7.75 inches  from 
t h e  cone t i p .  A one-eighth i n .  diameter pressure  t ransducer  is  l o c a t e d  
on t h e  lower s u r f a c e  of t h e  c a l i b r a t i o n  device a t  5.00 i n .  and a one- 
q u a r t e r  i n .  diameter t ransducer  is l o c a t e d  7.75 i n .  from t h e  t i p .  These 
l o c a t i o n s  were s e l e c t e d  t o  o b t a i n  measurements under a laminar  boundary 
l a y e r ,  t o  provide upper and lower s u r f a c e  p r e s s u r e  f l u c t u a t i o n  comparisons, 
t o  compare t h e  r e s u l t s  obtained from d i f f e r e n t  types of t ransducers ,  and 
t o  provide s u f f i c i e n t  in format ion  f o r  c o r r e l a t i o n  s t u d i e s .  
However, p h y s i c a l  s i z e  may prevent  
The cone c a l i b r a t i o n  device is  equipped wi th  an i n t e r n a l  c a v i t y  
f o r  vent ing  of pressure  t ransducers  and damping of p r e s s u r e  f l u c t u a t i o n s .  
The i n t e r n a l  c a v i t y  pressure  w i l l  be  approximately equal  t o  t h e  cone 
s u r f a c e  s ta t ic  p r e s s u r e  a t  x/L = 0.9. The i n t e r n a l  c a v i t y  w i l l  b e  
vented t o  t h e  e x t e r n a l  s u r f a c e  through a 7.75 f t  l e n g t h  of tubing. 
tubing i s  r e f e r r e d  t o  as t h e  back-pressure tubing. 
no pressure  d i f f e r e n t i a l  w i l l  exist  on t h e  surface-mounted p r e s s u r e  
t ransducers .  
supersonic  flow over  t h e  cone sur face .  
c h a r a c t e r i s t i c s  of cones are t a b u l a t e d  i n  s tandard  re ferences  such a s  
NACA Report 1135. 
d i f f e r e n t i a l  w i l l  exis t  on surface-mounted p r e s s u r e  t ransducers .  For a 
pressure  t ransducer  l o c a t e d  a t  x/L of 0.1118 from t h e  cone t i p ,  t h e  maximum 
p r e s s u r e  d i f f e r e n t i a l  is approximately 1 p s i .  Transducers loca ted  f a r t h e r  
a f t  on t h e  cone w i l l  have lower pressure  d i f f e r e n t i a l s .  The subsonic  
aerodynamic c h a r a c t e r i s t i c s  can be approximated ( f o r  cones wi th  small angles )  
from t h e  equat ion:  
This  
I n  t h e  supersonic  regime, 
This i s  a r e s u l t  of cons tan t  cone p r e s s u r e  i n  f u l l y  developed 
The supersonic  s t a t i c  aerodynamic 
I n  t h e  subsonic  and trarrsonic regimes, a p r e s s u r e  
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1-x/L 
presented i n  Reference 15. 
v a r i a t i o n  i s  shown t o  be small between x/L = 0 .1  and 0.9 (Figure 5 - 4 ) .  
The subsonic  s u r f a c e  pressure  v a r i a t i o n  w i l l  b e  v e r i f i e d  when a c o u s t i c  
c a l i b r a t i o n s  are performed. 
For a 10' apex angle  cone, t h e  s u r f a c e  p r e s s u r e  
A s  i n d i c a t e d  i n  t h e  previous s e c t i o n s ,  t h e  type and th ickness  of 
t h e  boundary l a y e r  a t  t h e  measuring s t a t i o n  w i l l  i n f l u e n c e  t h e  measurement 
of background p r e s s u r e  f l u c t u a t i o n s .  It i s ,  t h e r e i o r e ,  d e s i r a b l e  t o  
l o c a t e  p r e s s u r e  t ransducers  under a laminar boundary l a y e r .  This may b e  
achieved by maintaining a low tes t  u n i t  Reynolds number by mounting t h e  
measuring devices  a s  f a r  f o m a r d  as is  p h y s i c a l l y  p o s s i b l e  ( a  f l u s h  
mount must be maintained) and, i n  c e r t a i n  i n s t a n c e s ,  by cool ing  t h e  
c a l i b r a t i o n  device.  
should maintain a low u n i t  Reynolds number an- have a measuring device 
as f a r  forward on t h e  c a l i b r a t i o n  device  as p o s s i b l e .  
device w i l l  be  s t u d i e d  f o r  each wind tunnel  which is t o  k 2  c a l i b r a t e d .  
It is  shown i n  References 16 through 18 t h a t  a boundary l a y e r  can be 
forced t o  remain laminar by cool ing,  provide3 t h e  i n i t i a l  stream turbulence 
i s  s m a l l  and t h e  model s u r f a c e  has  a f i n i s h  of less than 0.0005 i n .  RMS. 
A l l  test programs plannez f o r  a c o u s t i c  c a l i b r a t i o n  
A cooled c a l i b r a t i o n  
A cone, cooled wi th  n i t r o g e n ,  has  been designed f o r  we i n  t h e  
MSFC 1 4  i n .  t r i s o n i c  wind tunnel  tests. This cone, shown i n  Figure 5-3, 
w i l l  b e  used t o  s tudy  t h e  e f f e c t s  of cool ing  on t h e  delay of boundary 
l a y e r  t r a n s i t i o n .  It w i l l  b e  instrumented wi th  23 copper Constantine 
thermocouples. These thermccouples are equal ly  spaced beginning a t  1.75 i n .  
from t h e  cone t i p .  The r e s u l t s  of t h e s e  tests w i l l  determine t h e  f e a s i b i l i t y  
of a cooled pressure  t ransducer  c a l i b r a t i o n  device f o r  t h e  MSFC 14 i n .  
t r i s o n i c  tunnel .  
C, VERIFICATIGN OF CALIBRATION DEVICES 
Tests wzre coni.tcted t o  v e r i f y  t h e  proper  opera t ion  cf c e r t a i n  
components of t h e  c a l i b r a t i o n  devices  designed f o r  t h e  MSFC 1 4  i n .  t r i s o n i c  
wind tunnel .  A s  discussed  i n  t h e  previous s e c t i o n ,  t h e  dynamic c a l i b r a t i o n  
device is equipped w i t h  an i n t e r n a i  qavi ty  vented t o  t h e  s u r f a c e  through 
a back-pressure tubing. Tests were performed t o  determine t h e  back- 
pressure  tubing time response.  
t h e  f l u c t u a t i o n  l e v e l  i n  t h e  dynamic c a l i b r a t i o n  d w i c e ' s  i n t e r n a l  
cav i ty .  A s  discussed i n  t h e  preceding s e c t i o n ,  a cooled c a l i b r a t i o n  
device has  a l s o  been designed f o r  t h e  MSFC 1 4  i n .  t r i s o n i c  wind tunnel .  
Tas ts  were performed on t h i s  model t o  determine t h e  s u r f a c e  temperature  
d i s t r i b u t i o n  and the  magnitude of s u r f a c e  temperature.  These tests 
were uzed a l r -  t o  determine the  degree of t h e  f r o s t  problem when t h e  model 
. was cooled b e i o r e  a tes t  run. 
















































































































* I u-l 
Back-pressure tubing time response tests have been conducted under 
s imulated wind tunnel  s t a r t i n g  condi t ions .  These tes ts  were conducted 
t o  determine the  time requi red  fo:: t he  dynamic cone c a l i b r a t i o n  device’s  
i n t e r n a l  cav i ty  t o  reach 99% of the  cone su r face  p re s su re  a f t e r  wind 
tunnel  s t a r t -up .  The equipment and models used i n  these  tests are shown 
i n  Figure5-5. 
s imula t ing  cone s u r f a c e  s t a t i c  p res su re  a t  x/L of 0 . 9 .  
tubing and s imulated i n t e r n a l  cav i ty  were set a t  atmospheric p re s su re  
o r  0 .1  p s i  p re s su re  t o  s imula te  wind tunnel  test s e c t i o n  prerun  condi t ions .  
A diaphragm, shown i n  Figure 5-6, s e p a r a t e s  t he  back-pressure tubing 
and the  chamber. This diaphragm is  ruptured ,  and the  time f o r  t he  i n t e r n a l  
cav i ty  t o  reach 99% of the  chamber p re s su re  is recorded. The diaphragm 
rup tc re  s imula tes  wind tunnel  s t a r t - u p  condi t ions .  
A chamber was p res su r i zed  o r  evacuated t o  a p res su re  
The back-pressure 
Data c o l l e c t e d  i n  these  tes ts  ai0 presented i n  Figure 5-7. Two 
curves are shown. The curve t h a t  has  two branches from zero  presents  
d a t a  where the  back-pressur: tubing and s imulated model c a v i t y  were 
i n i t i a l l y  se t  a t  atmospheric condi t ions .  Data presented  on t h i s  x r v e  
shows t h a t ,  f o r  l a r g e  p re s su re  d i f f e r e n t i a l s  , longer  times are requi red  
f o r  s t a b i l i z a t i o n  t o  99% of t h e  chamber pressure .  This  is  the expected 
r e s u l t  s i n c e ,  f o r  equal  p re s su res  i n  t h e  two volumes, t h e  t i m e  f o r  
equa l i za t ion  must be  zero.  The o the r  curve p resen t s  d a t a  where the  back- 
p re s su re  tubing and the  s imulated i n t e r n a l  cav i ty  are i n i t i a l l y  s e t  
a t  0 .1  p s i .  Under these  condi t ions ,  t h e  flow i s  choked f o r  t h e  f irst  
por t ion  of t he  e q u a l i z a t i o n  process .  I n i t i a l  examination of t h i s  curve 
i n d i c a t e s  t h a t  t h e  r e s u l t s  are errat ic ;  they are, however, expla inable .  
The ske tch  on Figure 5-7 shows t h e  back-pressure tubing and l o c a t i o n  
of p re s su re  measuring devices  used dur ing  the  tes t .  
from 0.046 i n .  I . D .  metal tubing t o  0.625 i n .  I . D .  cygon tubing and back 
t o  0.046 i n .  I.D. metal tubing. A s  a r e s u l t  of t h i s  s t epp ing ,  t h r e e  flow 
regimes appear a f t e r  t he  diaphragm i s  ruptured (t ime p o i n t  1 on Figure 5-8). 
They are: 
The tub ing  i s  s tepped 
Choked flow a t  t h e  e x i t  of t h e  f i r s t  metal tubing wi th  f u l l y  
expanded supersonic  flow i n  the  tygon tubing.  This i s  represented  
by t i m e  po in t s  2 and 3 i n  Figure 5-8. 
Choked flow a t  t h e  e x i t  of t h e  f irst  metal tubing wi thout  
s u f f i c i e n t  p re s su re  r a t i o  t o  maintain f u l l y  expanAed supersonic  
flow i n  t h e  tygon tubing.  During t h i s  t i m e ,  f low is  i n i t i a l l y  
begun through the  serond metal tubing i n t o  t h e  s imula ted  model 
cavi ty .  This i s  shown by t i m e  po in t s  3 and 4 i n  F igure  5-8. 
Choked flow a t  t h e  e x i t  of t he  second metal tubing wi th  subsonic  
flow i n  the  f i r s t  metal tubing and i n  the  tygon tubing .  
ex i s t ence  of one t h r o a t  i s  a r e s u l t  of f r i c t i o n .  This  i s  
shown a f t e r  time po in t  4 on Figure 5-8. 
The 
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shows t h a t  t h e  flow is  i n  t h e  region between laminar and t u r b u l e n t  p ipe  
flow. Reference 1 9  shows t h a t  t h e  f r i c t i o n  f a c t o r  i n  t h i s  reg ion  can 
change i n  a manner which can r e s u l t  i n  t h e  behavior shown by t h e  curve 
i n  Figure 5-7. F r i c t i o n ,  then,  is hypothesized as t h e  cause f o r  t h e  
behavior of t h e  curve f o r  i n i t i a l l y  choked condi t ions  presented i n  
Figure 5-7. The r e s u l t s  genera l ly  - n d i c a t e  t h a t  t h e  s t a b i l i z q t i o n  time 
t o  99% of t h e  chamber pressure  i s  s u f f i c i e n t l y  s h o r t  f o r  test  purposes.  
A tubing damping test  was conducted t o  determine t h e  amount of 
f l u c t u a t i n g  pressure  a t t e n u a t e d  by the  back-pressure tubing i n t o  t h e  
i n t e r n a l  c a v i t y  of t h e  dynamic c a l i b r a t i o n  model. 
t h e  c a v i t y  i n  t h e  dynamic model was suspended o u t s i d e  t h e  MSFC 14 i n .  
wind tunnel  and t h e  back-pressure tubing w a s  connected t o  a s t a t i c  o r i f i c e  
(Figure 5-9, i t e m  C) i n  the  wind tunnel .  The s t a t i c  o i i f i c e  w a s  l o c a t e d  
i n  a rubber o r  s o f t  mounted plate i n  t h e  wind tunnel  f l o o r .  Kistler 
pressure  t ransdccers  (model 601L) were sofrr and hard mounted on t h e  s o f t  
p l a t e  and on t h e  wind tunnel  f l o o r  (Figure 5-9, items A, B, D ,  and E ) .  
nata from t h t  hard mounted p r e s s u r e  t ransducer  ( t ransducer  E)  t h a t  produced 
t h e  h i g h e s t  sound pressure  l e v e l  readings and from t h e  s o f t  mounted p r e s s u r e  
t ransducer  ( t ransducer  A) t h a t  produced t h e  lowest  sound p r e s s u r e  levels, 
along with t h e  s o f t  p l a t e ,  s o f t  mounted pressure  t ransducer ,  are presented 
i n  Figure 5-10. Data were recorded a t  Mach numbers from M = 0.8 t o  1.95. 
It should b e  noted t h a t  a c c e l e r a t i o n s  as high as 20 g ' s  were measured 
on t h e  t u n e l  f l o o r  p l a t e  during t h e s e  tests. The f a c t  t h a t  t h e  Kistler 
pressure  t ransducers  used a r e  v i b r a t i o n  s e n s i t i v e  and such h igh  a c c e l e r a t i o n  
levels were recorded e x p l a i n s  t h e  l a r g e  d i f f e r e n c e  i n  measurement between 
t h e  s o f t  and hard mounted p r e s s u r e  t ransducers .  
p ressure  t ransducer  mounted i n t e r n a l l y  i n  t h e  s imulated c a v i t y  is a l s o  presented 
i n  Figure 5-10. 
t h e  c a v i t y  and on t h e  tunnel  f l o o r  i r d i c a t e  t h a t  i n t e r n a l  c a v i t y  r m s  
p ressure  [These measurements inc lude  ins t rumenta t ion  noise . ]  w a s  from 
6% t o  25% of t h e  s t ream rm pressure.  It is  a l s o  noted t h a t  t h e  rms 
ins t rumenta t ion  noise  f o r  t h e  Kistler t ransducers  mounted i n  t h e  c a v i t y  
w a s  from 5% t o  24% of t h e  scream r m s  f l u c t u a t i n g  pressure .  
no ise  w a s  monitored b e t o r e  and a f t e r  each da th  run and is t h e r e f o r e  shown 
f o r  each Nach number f o r  dhich tests were conducted. 
A c a v i t y  s imula t ing  
Data obtained from a Kisrler 
Comparison of t h e  nbeasured RMS f l u c t u a t i n g  p r e s s u r e  i n s i d e  
Ins t rumenta t ion  
Addi t iona l  tests were performed wi th  a s i n e  wave pressure  genera tor  
a t tached  t o  t h e  back-pressure tube and i n t e r n a l  cav i ty .  These tests 
i n d i c a t e  t h a t  a high degrea of a t t e n u a t i o n  is achieved i n  t h e  h igh  
frequency regime. It is concluded t h a t  t h e  system designed damps o u t  
s u f f i c i e n t  p r e s s u r e  f l u c t u a t i o n  f o r  t h e  purposes of t h i s  test. However, 
t h e  design i s  not  n z c e s s a r i l y  t h e  b e s t  poss ib le .  No a n a l y t i c a l  method 
of s u f f i c i e n t  re1 i ;b i l i ty  is a v a i l a b l e  t o  p r e d i c t  Lhe a t t e n u a t i o n  of a 
tubing system. 
be developed from t h e  s tandpoin t  of t i m e  response and a t t e n u a t i o n .  
Further  s tudy  should be conducted :o determine the  most e f f e c t i v e  system 
f o r  veiitiilg pressure  t ransducers  when they a r e  t o  be used f o r  dynamic 
data c o l l e c t i o n .  
It is conceivable t h a t  a much more e f f i c i e n t  system could 
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A - SOFT (RUBBER) MOUWTED PRESSURE TRANSDUCER 
C - STATIC ORIFIXE LEADING TO SIMULATED CAVITY THPQUGII 
B - SOFT PLATE, SOFT MOUNTED PRESSUE T!UNSDUCER 
BACK-PRESSURE TUBING 
D - SOFT PLATE, NARD MOUNTED PRESSURE: TWXSDUCER 
E - HARD MOUNTED PRESSUXE TRANSDUCER 
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FIGURE 5-10 BACK-PRESS'' TUBING ATTENUATION 
Tests have been conducted t o  determine t h e  s u r f a c e  temperature 
d i s t r i b u t i o n  on t h e  cooled c a l i b r a t i o n  model. These tests were conducted 
wi th  t h e  cooled cone exposed t o  atmospheric condi t ions  and enclosed i n  a 
chamber a t  a p r e s s u r e  of 0.5 p s i  (Figure 5-11). 
Figure 5-12 prove t h a t  a uniform s u r f a c e  temperature e x i s t s  over  t h e  cooled 
cone a t  a l l  t e s t e d  s u r f a c e  temperatures.  Surface tenipergture ranged from 
room temperature t o  -232'F. 
which changes the  mass flow rate. 
i n  a b s o l u t e  terms. 
de lay ing  boundary l a y e r  t r a n s i t i o n  from laminar t o  t u r b u l e n t  provided 
t h e  stream turbulence  is  n o t  excess ive ly  l a r g e  (Reference 1 4 ) .  
demonstrated t h a t ,  i n  a low p r e s s u r e  environment (approximately 0.5 p s i ) ,  
no apprec iab le  f r o s t  formed on t h e  model s u r f a c e  f o r  t h e  temperature 
range t e s t e d .  During tes t  i n  t h e  MSFC 1 4  i n .  t r i s o n i c  tunnel ,  t h e  tpst 
s e c t i o n  w i l l  be  evacuated before  beginning each run. This  w i l l  ensure 
t h a t  l i t t l e  o r  no f r o s t  w i l l  form on t h e  model b e f o r e  t h e  tes t  run. I t  
w a s  found t h a t  t h e  t i m e  f o r  cool ing  t h e  cone t o  t h e  lowest  temperature 
from room temperature wi th  t h e  p r e s e n t  gaseous n i t r o g e n  d e l i v e r y  system 
(Figure 5-11) was approximately 46 minutes.  
pre-cooling t h e  model and s t i n g  support  system. 
tunnel ,  a d d i t i o n a l  n i t r o g e n  p r e s s u r e  would be requirec'.  
The r e s u l t s  shown i n  
Temperatures were v a r i e d  by a c o n t r o l  va lve  
Mass flow rates were n o t  recorded 
The temperature of -232'F should b e  effective i n  
It w a s  
This t i m e  can be reduced by 



























V I  WIND TUNNEL ACOUSTIC CALIBRATION TEST PROCEDURES 
An experimental  program has been developed t o  e s t a b l i s h  the  c a l i b r a t i o n  
procedures ,  devices ,  and methods of analysis  descr ibed  i n  t h e  previous 
s e c t i o n s .  
a c o u s t i c  background no i se  i n  the  wind tunne l ,  v e r i f y  the  c a l i b r a t i o n  
devices ,  and provide d a t a  f o r  u s e  i n  e s t ima t ing  the  f l i g h t  a c o u s t i c  
environment of veh ic l e s  from wind tunne l  tes t .  I n  developing t h i s  program 
c e r t a i n  s t e p s  were fol lowed.  They are: 
This  program w i l l  provide d a t a  t o  e s t a b l i s h  the  sources  of 
Determine t h e  type of wind tunnel :  blowdown, cont inuous,  o r  o t h e r .  
0 L i s t  a l l  p o s s i b l e  sources  of acous t i c  background no i se .  
L i s t  t he  tunnel  v a r i a b l e s  and conf igu ra t ions  necessary  t o  
i n v e s t i g a t e  the  poss ib l e  sources  of a c o u s t i c  background no i se .  
Adapt t h e  s tandard  c a l i b r a t i o n  model t o  the  wind tunnel  under 
cons idera t ion  and c a l i b r a t e  t h e  ins t rumenta t ion  as i n s t a l l e d  i n  
the  model. 
Locate s idewa l l  t ransducers  such t h a t  a l l  necessary  c o r r e l a t i o n  
func t ions  3pd power spectra can be  computed. 
0 Examine the  d a t a  c o l l e c t e d  i n  the  form of RMS pres su re  c o e f f i c i e n t s  
t o  determine t h e  e f f e c t s  of each a c o u s t i c  background n o i s e  source  
on the  p re s su re  f l u c t u a t i o n s .  
Reduce s e l e c t e d  d a t a  i n  terms of power spectra and c o r r e l a t i o n  
func t ions  t o  l o c a t e  and d e f i n e  the  convection v e l o c i t y  and 
frequency composition of t he  var ious  noise  sources .  
These s t e p s  w i l l  assist i n  t h e  planning of f u t u r e  a c o u s t i c  c a l i b r a t i o n s  
of wind tunnels .  
The test plan f o r  t h e  MSFC 1 4  i n  t r i s o n i c  wind tunnel  (Figure 6-1) 
is as fol lows:  
a. Scope 
This  test is designed t o  determine the  l eve l ,  frequency composition, 
and sources  of t h e  wind tunnel  background p res su re  f l u c t u a t i o n s .  
To a l imi t ed  e x t e n t  t h e  e f f e c t s  of boundary l a y e r  type and th ickness  
on measurement of background p res su re  f l l i c tua t ion  w i l l  a l s o  b e  determined. 
This  i s  t o  be accomplished wi th  two 10' apex angle  cones (one 
instrumented wi th  p re s su re  t ransducers  and one instrumented wi th  
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thermocouples and cooled by gaseous n i t r o g e n )  and tunnel  s i d e w a l l  
mounted pressure  t ransducers .  During t h e  test t h e  c o n t r i b u t i o n  of 
the  tunnel  c o n t r o l  va lve ,  s t i l l i n g  chamber, porous walls,  d i f f u s e r ,  
and exhaust system t o  background pressure  f l u c t u a t i o n s  w i l l  be 
,.isestigated. 
run; however, emphasis w i l l  ue placed on t h e  Mach number regime 
between M = 0.6 and 1.45.  
Both t r a n s o n i c  and supersonic  Mach numbers w i l l  be  
b. Models 
Two 10" apex angle  10 i n .  l e n g t h  cones are requi red  f o r  t h i s  c e s t .  
One cone w i l l  be  instrumented with 6 pressure  t ransducers ,  5 t ransducers  
of 1/8 in. diameter and 1 t ransducer  of 1 / 4  i n .  diameter.  F l a t  s u r f a c e s  
are provided f o r  mounting t h e  pressure  t ransducers .  This allows t h e  
t ransducers  t o  be mounted f l u s h  w i t h  t h e  model s u r f a c e ,  Transducers 
are mounted a t  var ious  l o c a t i o n s  on these  f i a t  s u r f a c e s .  (See Figure 
6-2.) The f l a t  s u r f a c e  width was determiried by t h e  wjdth of t h e  f i r s t  
p ressure  t ransducer .  
2.50, 5.00, and 7.50 i n .  on t h e  upper f l a t .  Pressure t ransducers  
w i l l  be  l o c a t e d  a t  5.00 and 7.50 i n ,  on t h e  lower f l a t .  
Pressure  t ransducers  w i l l  be l o c a t e d  a t  1.88, 
The cooled cone is  e x t e r n a l l y  i d e n t i c a l  with t h e  dynamic cone. 
The cooled cone was instrumented wi th  23 equal ly  spaced thermcouples, 
t h e  f i r s t  one being loca ted  1.75 i n .  fron! t h e  cone t i p .  The cone 
w i l l  be cooled with n i t r o g e n  gas which w i l l  e n t e r  through t h e  s t i n g  
support  and exhaust through t h e  base  of t h e  model i n t o  t h e  tunnel  
stream. This model i s  shown i n  Figure 6-3. 
Both t h e  cooled a a d  dynamic models have a nominal e x t e r n a l  s u r f a c e  
roughness of 16 microinches o r  less. 
s t i n g  support  which w i l l  a l low them t o  be i n s t a l l e d  i n  t h e  7 i n .  super- 
s o n i c  tunnel as w e l l  as i n  t h e  14 i n .  t r i s o n i c  tunnel  a t  MSFC. The 
models are a l s o  adaptable  t o  o t h e r  wind tunnels  such a s  t h e  AEDC 16 f t  
wind t m n e l .  To adapt  t h e  models t o  t h e  AEDC wind tunnel ,  an extension 
would b e  formed t o  a t t a i n  t h e  d e s i r e d  length .  
A l s o  both models have a 5/8 i n .  
c. Instrumentat ion 
The fol lowing ins t rumenta t ion  w i l l  be required:  
10 - 1 / 4  i n ,  p ressure  t ransducers  of t h e  Kistler 601A type 
wi th  0 t o  25 p s i g  range. 
5 - 1/8 i n .  pressure t ransducers  of t h e  Bytrex HFD type 
with 0 t o  25 p s i g  range. 
4 - S t a t i c  pressure  meahuring t ransducers  (DC t ransducers ) .  
1 - Root mean square  vol tmeter .  
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1 - Schl ie ren  system with unequal magnif icat ion lens  s y s t e m  
i n  t h e  mutually p e r p e n d i x l a r  plane.  
1 - Mil l ikan  v a r i a b l e  speed motion p i c t u r e  camera. 
1 - Tape system s i t h  a minimum of 7 channel capac i ty  on 3 
t r a c k s  p lus  4 channels f o r  s t a t i c  p r s s s u r e  t i m e  traces. 
1 - Oscil lograph system capable  of recording 23 thermocouples 
as a func t ion  of time. 
1 - Accelerometer placed on t h e  t h r o a t  nozzle  blocks.  
It is  d e s i r a b l e  t h a t  t h e  ins t rumenta t ion  be c a l i b r a t e d  wi th  t h e  
same hookup as w i l l  be used when t h e  models are i n s t a l l e d  i n  t h e  wind 
tunnel .  This  w i l l  a l low ins t rumenta t ion  response t i m e s  t o  be determined. 
Pressure  t ransducers  should be c a l i b r a t e d  a f t e r  being i n s t a l l e d  i n  t h e  
model. Tunnel s i d e w a l l  t ransducers  should bf c a l i b r a t e d  i n  a p l a t e  
mounting. 
tunnel  s i d e w a l l .  C a l i b r a t i o n  f o r  frequency response,  temperature e f f e c t s ,  
and a c c e l e r a t i o n  response should b e  performed on t h e  pressure  t ransducers .  
Thermgcouples should be Cal ibra ted  f o r  temperature  response and response 
t i m e  t o  char,ges i n  temperature.  The t i m e  l a g  f o r  tubing used i n  
s t a t i c  p r e s s u r e  measurements and damping of f l u c t u a t i o n s  i n  t h e  pressure  
should be determined. C a l i b r a t i o n  rnethods w i l l  be documented wi th  t h e  
c a l i b r a t i o n  r e s u l t s .  
This  mounting should b e  i d e n t i c a l  t o  t h e  mounting i n  t h e  wind 
The fol lowing p r e s s u r e  t ransducers  are to be recorded on t h e  same 
d a t a  t rack .  (See Figures  6-2 through 6-4 f lr t ransducer  loca t ion . )  
t r a c k  1 - B1, B2, B 3 ,  B4, K2, K3, and IC4 
t r a c k  2 - Kly S2, K3, K4, K5, Kg, and K7 
C o r r e l a t i o n  f u n c t i o n s  cannot be convenient ly  o r  a c c u r a t e l y  formed 
across  d a t a  t r a c k s ;  t h e r e f o r e ,  some t ransducers  are recorded on more 
than one t rack .  
d. Data Reduccion 
A l l  p r e s s u r e  d a t a  w i l l  be  reduced i n  terms of an  R?lS p r e s s u r e  
c o e f f i c i e n t  , <Cp2>1/2. 
w i l l  be  made as t o  what d a t a  is t o  be reduced i n  terms of s p e c t r a l  
components. Also, from t h e  RMS p r e s s u r e  c o e f f i c i e n t s ,  d e c i s i o n s  w i l l  
be made as t o  what c o r r e l a t i o n  func t ions  should b e  computed. The 
spectral  d i s t r i b u t i o n  of t h e  f l u c t u a t i n g  p r e s s u r e s  w i l l  i n d i c a t e  p o s s i b l e  
sources  and types of f l u c t u a t i n g  p r e s s u r e  e x i s t i n g  i n  t h e  wind tunnel .  The 
From t h e s e  RMS p r e s s u r e  c o e f f i c i e n t s ,  d e c i s i o n s  
50 
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c o r r e l a t i o n  f u n c t i o n s  w i l l  provide t h e  convective v e l o c i t i e s  of t h e  
pressure  f l u c t u a t i o n  and t h e  genera l  area where t h e  f l u c t u a t i o n  
o r i g i n a t e s .  
During t h e  tes t  t h e  RMS vol tmeter  w i l l  be  connected i n  such a 
manner t h a t  uncorrected p l o t s  of RMS p r e s s u r e  c o e f f i c i e n t s  can be 
made from the recorded tapes .  This  w i l l  i n d i c a t e  i f  modi f ica t ions  
t o  t h e  t e s t  program are requi red  t o  o b t a i n  a l l  t h e  test  p o i n t s  of 
i n t e r e s t .  
9 
Temperature d a t a  w i l l  be  presented as t h e  r a t i o  of w a l l  temperature 
t o  stream s t s t i c  temperature.  
cooled cone w i l l  be  presented as a f u n c t i o n  of t h i s  temperature r a t i o .  
The t r a n s i t i o n  Reynolds number on t h e  
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E X  PER IMF NT A L  TEST Pf?OGRAE? 
F A C I L I T Y ~  
T E S T  N O  I 
M O D E L ,  
t r i s o n i c  wind tunnel  and to d e t e r m i n e  the  s o u r c e s  of thia._noi s e ,  
Two 10' Apex Angle Cones ,  
One with s i x  p r e s s u r e  t r a n s d u c e r s  and one with 23  t h e r m o c w l e s  
S C O P C ~  To eva lua te  the  background a c o u s t i c  no i se  i n  the  h&J?C 1 4 ~  14 *- 
T Y P E  TEST1  D A T F I -  
P R O J E C T I  E N G I N E E R '  
C O S T  N O  : A P P R O V E D I  
S P E C I A L  I N S T R U C  r l O N S t  
( 1 )  C a l i b r a t i o n  r u n s  will  be r e q u i r e d  for r u n s  1 t h rough  26  with the e x -  
cept ion  of r u n s  15 and  23. 
( 2 )  S e e  Rema::ks S h e e t  
hlSFC - Form 66R (October 1960) 
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GEORGE C PJ~AR.CII-:ALI, SPACE FC.IGHT C E N T E R  
E X P E R I M E N T A L  TEST Pf?OGHAF.I 
F A C I L I T Y  ; 
TEST N O . #  
I_ 
S C O P E 1  
T Y P E  TEST1 
P R O J E C T ;  
C O S T  NO 1 
D A T E 1  
S N G I N E E R I  
A P P R O V E D ;  - 
MSFC - Form 66R (Octobrr 19fiO) 
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E x PER i MEN T r\ I- T E 5-r PR o G R A FA 
F A C I L I T Y :  -- 
T E S T  N O  I 
M0C)ELi - 
S C O P E :  
- T Y P E  T C S T l  
P R O J E C T ,  
C O S T  N O  i 
D A T E 1  - 
ENGINEFR:  - 
A P P P O V E b l  _, 
hlSFC - Form 66R (Octobrr 1960) 
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For Evaluation of the Effect of Mach No. cn Fluctuating 
Pressure 
For Evaluation of the Effect: of Porosity on Fluctuating 
Pressure 
For Evaluation of the Effect of Stagnation Pressure 
on Fluctuating Pressure 
For Evaluation of the Effect of Stagnation Temperature 
on Fluctuating Pressure 
For Evaluation of the Effect of Tunnel Exhaust on 
Fluctuating Pressure 
For Evaluation of the Effect of Diffuser Setting on 
Fluctuating Pressure 
For Evaluation of the Effect of Solid Walls in T.S. 
on Fluctuating Pr, essu.-e 
For Evaluation of the Effect of Valve on Fluctuating 
Pressure 
For Evaluation of the Effect of Valve and Stilling 
Chamber on Fluctuating Pressure 
For Evaluation of the Effect of Temperature Ratio on 
Boundary Layer Transition 
The Mind Tunnel Test Section Must be Evacuated Prior 
to These Data Runs. 
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V I 1  CONCLUSIONS AND RECOMMENDATIONS 
Wind tunnels  have background no i se  i n  t h e i r  test s e c t i o n s .  A 
s tudy  has been made of these  background f l u c t u a t i o n s  s o  t h a t  accu ra t e  
dynamic d a t a  can be  obtained from wind tunnel  tests. Conclusions have 
been reached and recommendations are made i n  the  fo l lowing  areas: 
A n  evaluat ior .  and comparison of AEPC 16 f t  t r anson ic  wind tunnel  
da t a .  
e An a n a l y s i s  of t h e  sources  of background n o i s e  i n  wind tunnels .  
The c o r r e c t i o n  of dynamic wind tunnel  test d a t a  based on 
c a l i b r a t i o n  test da ta .  
The s e l e c t i o n ,  des ign ,  and v e r i f i c a t i o n  of a wind tunnel  a c o u s t i c  
c a l i b r a t i o n  device.  
The procedures t o  be used ill performing a c o u s t i c  c a l i b r a t i o n s  
of wind tunnels .  
An a n a l y s i s  of t he  AEDC 16 f t  t r anson ic  wind tunne l  d a t a  obtained 
by ARO (Reference 6)  and Mart in  (Reference 5) has l e d  t o  the  fol lowing 
conclusions: 
The f l u c t u a t i o n s  can be measured by both stream and s i d e w a l l  
mounted p res su re  t ransducers .  The b a s i c  t u r b u l e n t  boundary 
l a y e r  e x i s t i n g  i n  the  wind tunne l  is recorded by both  the  s ide -  
w a l l  and cone mounted p res su re  t ransducers .  
The power spectral d e n s i t y  should be  presented  as a l i n e a r  
func t ion  of frequency. This type of p r e s e n t a t i o n  w i l l  show 
any f requencies  t h a t  have concent ra t ions  of p re s su re  f l u c t u a t i o n s .  
e Cor re l a t ion  func t ions  should be computed t o  determine t h e  
convect ive o r  conductive v e l o c i t y  of p re s su re  f l u c t u a t i o n s  and 
t o  determine whether any p e r i o d i c  components e x i s t  i n  the  da ta .  
Various wind tunnel  components genera te  s i g n i f i c a n t  p re s su re  
f l u c t u a t i o n s  i n  wind tunnel  tes t  s e c t i o n s .  
e The compressor i n  t h e  AEDC 16 f t  t r anson ic  wind tunne l  is  the  
probable cause of a concent ra t ion  of f l u c t u a t i o n s  a t  500 t o  600 cps .  
The wind tunnel  porous walls are the  t e n t a t i v e  cause of a 
concent ra t ion  of f l u c t u a t i o n s  a t  1800 t o  2400 cps .  These 
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f l u c t u a t i o n s  e x i s t  i n  t he  AEDC 16 f t  t r anson ic  tunnel  and 
vary wi th  Mach number. 
Power s p e c t r a l  d e n s i t i e s  of t u rbu len t  boundary l a y e r s  when 
presented  i n  a l i nea r  form are b a s i c a l l y  smooth and decrease 
i n  magnitude wi th  i n c r e a s i n g  frequency. 
A s tudy has been made of t h e  sources  of background no i se  i n  both 
blowdown and continuous f l o w  wind tunnels .  It is concluded t h a t  t h e  
sources  of no i se  are unique t o  each wind tunnel .  
t h a t  c a l i b r a t i o n s  be condccted i n  a given wind tunnel  t o  i s o l a t e  t h e  
n o i s e  sources  i n  t h a t  runnel.  
i n  a wind tunnel  is complicated by t h e  f a c t  t h a t  t h e  n o i s e  generated 
by one source  may mask t h e  n o i s e  generated by another  source.  
the  primary sources  have been s i l e n c e d ,  o r  reduced, o t h e r  sources  may 
be discovered and w i l l  a l s o  have t o  be  modified. 
no i se  sources  e x i s t  i n  most tunnels :  
This  w i l l  r e q u i r e  
The problem of determining the  sources  
IJhen 
The fol lowing p o t e n t i a l  
Component resonance and f l u i d  f r i c t i o n  
Porous w a l l s  
Compressors 
Control  va lves  i n  blowdown-type tunnel  
e Dif fuse r s  
Exhaust systems 
Head Exchangers 
Servo c o n t r o l  sys  t e m s  
T e s t  programs should be developed t o  i n v e s t i g a t e  these  sources  and any 
unique sources  i n  t h e  p a r t i c u l a r  wind tunnel t o  be c a l i b r a t e d .  
An a n a l y s i s  has  been made of c o r r e c t i n g  measured dynamic wind tunne l  
da t a  based on c a l i b r a t i o n s  of t h e  background f l u c t u a t i o n s .  There are 
several poss ib l e  f l u c t u a t i o n  modes, and t h e  i n t e r a c t i o n  between t h e s e  
f l u c t u a t i o n s  and the  model f l u c t u a t i o n s  is not  known. Therefore  i t  is 
concluded t h a t :  
The background no i se  leve l  i n  the  wind tunnel  should be reduced 
t o  the  lowest  level poss ib l e .  
F i l t e r i n g  of rradel d a t a  a t  f requencies  where concent ra t ion  of 
f l u c t u a t i o n s  occur is poss ib l e .  However, t h i s  must be conducted 
wi th  caut ion  t o  avoid e l imina t ing  a concent ra t ion  generated 
by the  model. 
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e The f i n a l  d a t a  can probably be improved by s u b t r a c t i n g  back- 
ground power s p e c t r a l  d e n s i t i e s  from measured power s p e c t r a l  
d e n s i t i e s .  
The c a l i b r a t i o n  device  w a s  s e l e c t e d ,  desigrzed, and v e r i f i e d .  It 
w a s  concluded t h a t :  
A s l e n d e r  cone and s i d e w a l l  p re s su re  t ransducers  a r e  t h e  b e s t  
c a l i b r a t i o n  devices .  
A p r e s s u r e  t r ansduce r  should  be  l o c a t e d  as f a r  forward on tile 
cone as p o s s i b l e  t o  ob ta in  measurements under a laminar  boundary 
l a y e r .  
Boundary l a y e r  t r a n s i t i o n  can, i n  c e r t a i n  i n s t a n c e s ,  be delayed 
by cool ing  of t h e  model s u r f a c e .  
A 7.75 f t  l eng th  of tub ing  w i l l  p rovide  an acceptab le  amount 
of a t t e n u a t i o n  t o  a l low ven t ing  of t h e  p re s su re  t r ansduce r s ,  
and t h e  t i m e  response of t h i s  tub ing  is s u f f i c i e n t l y  r a p i d  
t o  a l low t e s t i n g  i n  blowdown type facil i t ies.  
Procedures f o r  p lanning  and conducting wind tunnel  a c o u s t i c  c a l i b r a t i o n s  
have been developed. These procedures  d e f i n e  c e r t a i n  l o g i c a l  s t e p s  t o  
fo l low i n  planning t h e  test. 
descr ibed  i n  t h e  prev ious  f o u r  s e c t i o n s .  
These conclus ions  are based on t h e  s t u d i e s  
Cone and s i d e w a l l  mounted p r e s s u r e  t r ansduce r s  should he  used 
t o  o b t a i n  c a l i b r a t i o n  da ta .  
S u f f i c i e n t  sidewall .  mounted p res su re  tran5;ducers should be  used t o  
determine conduct ive acd convect ive ve1cc;ties through c o r r e l a t i o n  
s t u d i e s  . 
A t  least one p res su re  t r ansdace r  should h e  mounted under a 
laminar  boundary l a y e r .  Cooling of tlie c a l i b r a t i o n  device  
may be  p o s s i b l e  t o  assis t  i n  p l ac ing  one t ransducer  under a 
laminar boundary l a y e r .  
The sources  of f l u c t u a t i o n s  should be i s c l a t e d ,  us ing  t h e  s i m p l e s t  
p o s s i b l e  wind tunne l  conf igu ra t ions  
A l l  d a t a  should be reduced i n t o  RMS pres su re  c o e f f i c i e n t s .  
C e r t a i n  d a t a  should be  reduced i n  ter.rus 06: c o r r e l a t i o n  func t ions  
and power s p e c t r a l  d e n s i t i e s .  
be  presented  a s  a Linear  func t ion  of frequency. 
Power s p e c t r a l  d e n s i t i e s  should 
Narrow frequency bandwidths should be u s e d  i n  power s p e c t r a l  
d e n s i t y  data reduct ion .  
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The s tudy  of background n o i s e  i n  wind tunnels  has brought t o  l i g h t  
several areas which need f u r t h e r  a n a l y s i s  and experimer'tation. 
r e s u l t ,  t h e  fol lowing recommendations are made: 
A s  a 
0 It is recommended t h a t  LLe test p l an  presented  i n  Sec t ion  V I  
of t h i s  r e p o r t  be  conducted i n  the  MSFC 14  in .  t r i s o n i c  wind 
tunnel .  
models developed i n  t h e  s tudy.  
as t o  t h e  sources  and magnitudes of t h e  a c o u s t i c  background 
no i se  i n  t h i s  tunnel .  The r e s u l t s  can be d i r e c t l y  compared t o  
t h e  AEDC 16 f t  a c o u s t i c  c a l i b r a t i o n  d a t a  presented  i n  t h i s  s tudy  
al though t h e  proposed c a l i b r a t i o n  a t  t h e  MSFC tunnel  is more 
ex tens ive  than  t h a t  c a r r i e d  out  a t  AEDC. 
This  test w i l l  v e r i f y  t h e  Ca l ib ra t ion  techniques and 
It w i l l  a l s o  provide information 
0 A f t e r  t e s t i n g  i n  t h e  MSFC 14 i n .  t r i s o n i c  wind tunnel  and 
v e r i f y i n g  t h e  c a l i b r a t i o n  techniques and models developed i n  
t h i s  s tudy ,  i t  is recommended t h a t  a l l  o t h e r  wind tunnels  used 
in a c o u s t i c  tes t  be  c a l i b r a t e d  by t h e  methods descr ibed  he re in .  
These c a l i b r a t i o n s  would inco rpora t e  t h e  e s t a b l i s h e d  d a t a  reduct ion  
procedures developed as a r e s u l t  of t h e  MSFC 14 i n .  t r i s o n i c  
tunnel  c a l i b r a t i o n .  
between t h e  a c o u s t i c  background n o i s e  and t h e  sources  of t he  
a c o u s t i c  background n o i s e ,  i n  t h e  va r ious  wind tunnels .  This  
information could be  used t o  determine t h e  b e s t  wind tunne l  t o  
use  Eor a p a r t i c u l a r  wind tunne l  a c o u s t i c  test .  For example, 
i f  i t  w a s  es t imated  (from a n a l y s i s  o r  prev ious  tests on s i m i l a r  
conf igu ra t ions )  t h a t  a model would gene ra t e  a l a r g e  f l u c t u a t i o n  
nea r  1000 cps ,  a wind tunne l  could be  s e l e c t e d  t h a t  has  t h e  
lowest no i se  level i n  t h a t  frequency regime. Ca l ib ra t fon  of 
va r ious  s i z e  tunne l s  w i l l  a l s o  provide information as t o  t h e  
s c a l i n g  methods app l i ed  t o  a c o u s t i c  da ta .  
Th i s  would provide f o r  a d i r e c t  comparison 
It w a s  found t h a t  frequency respc.?se c a l i b r a t i o n  d a t a  of p re s su re  
t ransducers  a t  high no i se  levels is very l i m i t e d .  I f  t h e  
t ransducers  o r  measuring devices  do  not  have a l i n e a r  o r  near  
l i n e a r  response over t h e  measuring frequency o r  amplitude range,  
t h e  r e s u l t a n t  d a t a  w i l l  i nco rpora t e  t h e  n o n l i n e a r i t y .  
r e s u l t s  i n  an i n c o r r e c t  RMS p re s su re  c o e f f i c i e n t  and power 
s p e c t r a l  dens i ty .  
conducted of t h e  a v a i l a b l e  techniques of c a l i b r a t i n g  dynamic 
p res su re  t ransducers .  
being used, i t  is recommended t h a t  a method be developed 
t o  ensure  t h a t  dynamic p res su re  t r ansduce r s  have l i n e a r  response 
over t he  des i r ed  test range. 
This  
It i s  recommended t h a t  a thorough s tudy  be 
1.f no s u i t a b l e  c a l i b r a t i o n  method is 
0 The back-psessure tubing s e l e c t e d  f o r  t h e  c a l i b r a t i o n  devices  
t o  be used i n  the  MSFC 1 4  i n .  t r i s o n i c  wind tunnel  has  been 
demonstrated t o  be adequate f o r  t i m e  response and a t t e n u a t i o n .  
However, L h i s  vent ing  methdd is not  t he  optimum s o l u t i o n  t o  the  
6 3  
problem. 
t i m e  response is recommended. 
on inc reas ing  the  tubing a t t e n u a t i o n ,  decreasing the  t i m e  response 
t o  p re s su re  d i f f e r e n t i a l s ,  and decreasing the  l eng th  requi red .  
A stepped tubing  designed similar t o  a muff le r  should be  considered.  
Greater tubing a t t e n a p t i o n  w i l l  provide more confidence i n  the  
r e s u l t s  f o r  t ransducers  t h a t  r e q u i r e  vent ing .  
Fur ther  s tudy i n  t h e  areas of tubing a t t e n u a t i o n  and 
This  scudy should concent ra te  
It is  recommended t h a t ,  subsequent ly  t o  v e r i f i c a t i o n  of t h e  
procedures and methods f o r  a c o u s t i c  c a l i b r a t i o n ,  t he  MSFC 
high dens i ty  f a c i l i t y  be  c a l i b r a t e d  f o r  a c o u s t i c  background 
noise .  
f a c i l i t y .  
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